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A. STUDY OF THE MAGNETIC AMPLIFIER 


ABSTRACT 


In this thesis an attempt hae been made to 
determine the fundementels of magnetic-amplifier perform- 
anee both from experimental and theoretical studies. 
Although the steady-state behavior of the magnetic 
amplifier has been discussed in some deteil in the 
literature, relatively little concrete information is 
available in regard to the dynamic performance. Studies 
have been mede in the thesis to put cireult performence 
on a quentiteative basis. Steady-state behevior has been 
expreseed in the form of moduletion characteristics and 
power-gain and poweroutput curves. The dynamics of the 
system are expressed in terms of effective characteristic 
time ag determined by means of both transient and fre- 
quenoy-reaponse date. 

The major portion of the effort was directed 
towerde the investigation of the basic-amplifier cireuit 
without feedback. The nonlineer loop-ecuilibrium differ. 
ential equations which describe this system were set up 
and solved by means of the M.I.T. Differential Analyzer 
No. 1. Solutions thus obtained were then compared with 
experimental deta. Satisfactory agreement between analytic 
and experimental steady-atate performance was observed. 
Significant differences were noted, however, between ex- 


perimental and anelytic transients. Although the oontrol 
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circuit appears to mve been edequately described by the 
equations, the neglect of the functional dependence of 
eore loss upon carrier~ciroult constants end exeitation 
introduced considerable error in the analytics transient. 
The value of the differential analyzer hes not been con- 
fined to providing rapid solutions of difficult nonlinear 
equations, bit is enhenced by giving a phyelosl signifi- 
eance to the equetions which is accuired from observetion 
of the relative sheft moticns which represent system vari- 
ables. 

Upon completion of the atudies of the besic cire 
cuit, the remaining availeble time was allotted to experi- 
mental investigetion of regenerative ampere-turn feedback. 
Careful belance of the feedback reotifier-bridge was found 
necessary to meintain symmetry in the cerrier-current weve- 
form. Further etudy of the feedback connection is indi- 
oa ted. 

The magnetic-core miteriel used in the saturable 
resctors was three-mil Allegheny Electrical Alloy #4750 
which hed been given a special magnetic anneel to produce 
high initial permeability anda sharp bresk at the knee of 
the magnetization curve. Thies was the best available 
material, although better cores now exyiet. The normal 
magnetization curve, which wes mernsured by bellistic gel- 
vanometer techniques before winding the amplifier cores, 


was used in the wachine solution aa the nenliinesr function 
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relating flux and magnetizing force. 

The resulta of the emplifier studies indicate 
the way in which the various olreuit perameters effect 
gein and bandwidth. It has been shown that a compromise 
between the two, conaistent with the requiremente of any 
specific application, must be sought. The prineipal 
limitation of this highly inductive device is ite ine 
. herently narrow bandwidth. The use of positive feedback 
permits en improvement in the power gain by a factor of 
100 ov better, with an eccompanying reduction of the 
pese-bend. Further studies showld indleate whether or 
not an overell gain-bandwidth improvement can be expected 


from the feedbaak connection, 
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A STUDY OF THE WAGNA TIC AMPLIFIER 


GHAPTER TI 
INTRO LICTION 





Throughout the lagt thirty years, the use of the 
vacuum tube in all types of electrical circuitry has become 
widespread. The versatility and adaptability of this wnique 
device has meade it an indispensible part of the physical 
world, and its application has made poesible seientific ae~ 
eomplishments which were undreemed of at the turn of the 
eentury. In 1925, however, the invention of the dry-dise 
rectifier by L. 0. Grondshl marked the beginning of a pertod 
in which efforts were directed hy many engineers toward the 
development of simple devices which would replace the vacuum 
tube in certain applications. This direction of interest 
into components which might compete with the vacuum tube, 
it should be remembered, occurred ot a time when the use snd 
applieation of the vacuum tube wag in serked ascendancy, and 
it ia obvious that a very small portion of the interest of 
the electricel engineering profeasion was directed into the 
morg uninteresting competitive components when the triode and 
ita veriations seemed to supply most existing needs. 

In the past deeade, interest in vecuum-tube sub- 
stitutes has achieved a new momentum marked by the practical 
use of germanium-diode and silicon-diode mixers snd detectors 


in high-frequeney-communications circuits, extensive utiliza~ 
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tion of dry-dise rectifiers of the selenium type in power 
eupply circuits, the use of mechanical rectifiers in power 
gircults, the development and application of the magnetic 
amplifier, and very recently, the introduction of the Bell 
Laboratories! “transistor" emplifier. The inevitable re- 
placement of the vecuum tube in many useful applics tions 
ie ea foregone conclusion, and undoubtedly the magnetic ame 
plifier, when its dynamic and stendy~state behevior is 
fully understood, will provide a useful addition to the 
tecls of the electrical engineer. 

Amplifierntion is obtained in the magnetic ampli- 
fier through utilization of the saturation effects in an 
iron eore under excitation by either an alternating current 
and a direct current, or by two alternating currents of 
different frecuencies. The magnetic amplifier is a direct- 
current amplifying cireult of the carrier-frequenocy type in 
which the carrier is soduleted by an input aslgnel in a 
magnetically biased saturable~reeetor unit. The amplified 
input signel is subsequently reeovered in a demodulator 
system. The inductance of the magnetic clireult of this 
type is high, and en inherently slow time-response Le asao- 
elated with highly inductive devices of this type. Invee- 
tigations of magnetic amplifier cireultry require attention 
to the improvement of either the gain or the time-response 
of the amplifier without undve seorifiee of the other factor. 

The magnetic amplifier wee originally develeped in 
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successful form in 1912 by E&. F. W. Alexanderson, of the 
General Electric Compeny, who used the device as an ampli- 
fier-modulator for voloe-frequency amplitude-modulation of 
the output of as radio-frequency alternator. The megnetie 
emplifier enjoyed an early prominence in the fleld of wire~ 
less gommunications, but was goon superseded by the 
vaouum-tube amplifier as the triode was perfected and 
applied. 

Suring the peried between the great World Ware, 
various improvements of the magnetic emplifier appeared. 
The perfection of the dry-diec reetifier in 1925 provided 
the necesesry component for the construction of a tubelesea 
amplifier, the use of cascaded uagnetic amplifiers, and the 
use of regenerative-feedback for the imorovement of magnetic 
emplifier gain. In general, however, magnetic amplifier 
development wag retarded beceuse of the intense interest in 
vacuum-tube elreultry. 

The nonlinear chereeter of the inductance of the 
seturable core hee made analytical study of the magnetic 
emplifier very difficult. Various methode of approach ine 
volving linesr approximetion of the magnetizing character- 
ietic have been developed from the original method proposed 
by A. Boyajian in 1931. In general, however, most magnetic 
amplifiers have been designed from empiries1 considerationa. 

in the yeers preceding the cutbreak of the resent 
war, German engineers recognized the faet that improvements 


in magnetic materials and in reetifier units geve the nag~- 
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netic emplifier a new potential value. Extensive studies 
were conducted in Germany during the War, and the successes 
of these researches have been viewed with great interest in 
this country and in England. 

The tisge-response problem has been studied rather 
extensively at the Servomecshaniaas Laboratory at the Maasa~- 
ghusetts Institute of Technology. Degenerative-feedback 
techniques were applied te tals preblem, but results were 
not wholly encouraging, primarily because of the low quality 
magnetic materials from which the cores were conatructed. 
The device has, however, proved to be a satisfactory servo~ 
emplifier for limited applications when the period of eyelic 
variations of the system isa long. 

The megnetic emplifier 1a admirably sulted w many 
militery and indugtrial applications in which ruggedness 
end freedom from the need for frequent attention are of 
paramcunt importence. In contrast with the vecuun-tube 
amplifier, the magnetic device ia totally shock and impset 
resigtant, is not subject to deterioration with age or with 
uee, and, with proper design, may Glieplay efficiencies of 
the order of 90%. The vacuum tube amplifier represents a 
varlahle ohmie resistance, end is, therefore, an inherently 
logsy device, The magnetic amplifier can be designed to 
be neerly purely reactive, and is, therefore, capable of 
theoretically lossless performance. Magnetic amplifiers 
are free from the need for complicated power supplies since 


a11 power is furnished by an a-c gouree. The magnetic 
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emplifier can provide high geins while maintaining compact 
construction. 

The response of the vacuum-tube amplifier 1a ea- 
aentiaily, within the designed dand-width, independent of 
frequency. The magnetic amplifier, being a reactive device, 
is freeuency dependent in reeponhse over a relatively nerrow 
band. The induetive inertia of the magnetic amplifier has 
been a constant restraint ageinat the use of the Cevice. 
The nature of this inductive effect 1s diseussed in this 
report. 

The availability of new superior magnetio mater- 
lale and efficient reetifier units has given the magnetic 
amplifier renewed prominence, and there is promies that 
the magnetic amplifier will seon find far wider acceptance 
and us@. 





The magnetle amplifier is a particular adaptetion 
of the satureble-core reactor. Power magnification La ob- 
tained through utilization of the variation of the permeabil- 
ity ef the core material of the rezctor in the region of the 
knee of the normal magnetization curve. The inoremental 
parmeablilty of ferromagnetic coresmay be defined ea the 
ratio of the incremental flux density in the material to 

the incremental value of the applied magnetizing force. 
Yurthermore, the incremental inductance of 6 wire-wound 


core of this type is a function of the incremental permen- 
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bility. Figure 1-1 iliustrates the variation of flux 
density and permeability with magnetizing force, It is 
Glear, from the figure, that in the region of the knee of 

the normal. megnetization eurve there is a rapic chenge in 
permeability, and consequently of inductance, with relatively 
emell changes in magnetizing foree. 

As shown in Figure l-2, a typical magnetic empli- 
filer consists of a pair of properly-wound toroidal cores. 
The alterneting-eurrent series cireuit is composed of a 
high power a-@ source, a loed, and the a-c windings on the 
cores. The ac source supplies essentially sinusoidal flux 
verlations to the cores. The direet-current colls are 
connected in series oppoaition euch that the induced funda~ 
wental alterneting voltages in there coils are baleneed out 
eerose the input windings. A seuree of low-level dc or 
slowly fluctuating ec power 1s supplied to the input ter- 
minels. 

A glight change in the d<e control current will 
cause a large veriation in the inéuctance of the @-@ wind- 
ings. This variation will effectively modify the tetal 
impedance presented to the ac source in a manner related 
nonlinesrly to the instentaneoug magnitude ef the control 
current. Such action will amplitude-modulate the voltage 
supplied by the sa-¢ source with the signal appiled to the 
control windings. The signal is then recovered from the 
earrier circuit ine syatem of dry-dise demodulators. Since 


the souree voltage was opplied at e much higher power~-level 
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FIG. 1-2 BASIC MAGNETIC AMPLIFIER 





then the control eurrent, overall amplification of the 
control signal is obtained, 
Figure 1-3(a) depicts the normal magnetization 

curve of a typileal magnetic amplifier under excitation of a 
sinusoidal flux as is shown in Figure 1-3(b), when a gmail 
control magnetizing foree, NIy,, is epplied to the eontrol 
windings. A simple graphies] construction will give wave- 
forma of the resultant aee eclreult megnetizing forces ex- 
pressed in ampere-turns aes shown in Figure 1<3(¢). The use 
of harmonic annlysia will permit the separation of the even 
and edd hermonic terms of the magnetizing currents. Such 
an analysis will indicate that the odd-harwonic terme are 
of the seme magnitude and sign, while the evene-harmonie 
terms are of equivalent magnitudes, but of opposite sign. 
These magnetizing forces are plotted in Figure 1-4. If the 
@=@ Gollse of the amplifier are conneeted in series, and if 
the impedance of the d-¢ source ia low, the phases of the 
harmonies will then be sueh that the even-harmonic currents 
will flow in the control circuit, while the odd-harmonie 
currents will flow 42 an output ourrent in the aeG oirouit. 
Agtuelly, then, 4t is the odd-hermonie currents in the sg 
Gireuit vhich are modulated by the applied control signale. 
Magnetization of the cores under these conditions ie desig-~ 
nated ag "natureal® mognetization. If, on the other hend, 

g the cores sre eonneeted in series and the impedance of the 

nae olreult is high to eecond<harwonie frecuencies of the 


applied carrier, the second-harmonic currents are unable 
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FIG. 1-3 = (a) THE MAGNETIZATION CURVE. 
(b) FLUX AS A FUNCTION OF TIME. 
(c) MAGNETIZING FORCE AS A FUNCTION OF TIME. 
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FIG. 1-4 (a) HARMONIC COMPONENTS OF MAGNETIZING FORCE IN 
CORE NO. |. 
(b) HARMONIC COMPONENTS OF MAGNETIZING FORCE IN 

CORE NO. 2. 





to flow, and the condition of magnetization known as “con- 
strained" magnetization will prevell. Thie report will 
deal primarily with the magnetic amplifler under “natural 
magnetization. 


Nature of the Thegis Study 

fhe first phases of this study ere devoted to ine 
vestigations of the megnetic characteristics of magnetic- 
core materleale which will present optimum performance in 
magnetia-amplifier ciroultry. The performence of the ampli- 
fier 1s associated with the normal induction curve of the 
core-material and the performance is justified with 
mithematiceal relationehips whenever linear approximations 
are possible. Comparison of available magnetic materlels 
is made and the choice of the material from which the cores 
were constructed is justified by empirilesl and theoreticel 
eonelderations. In oonnection with this phase of the work, 
. magnetic eheracteristics of the available materials were 
meesured, 

The second phase of this investigation involves 
an experimental study of the beele magnetic-amplifier 
Gireuit. An experimental megnetic amplifier was designed, 
end an extensive series of laverrntory tests were conducted 
on this eircuit. The effects of the magnitudes of the load 
and input resistances, frequency and magnitude of the a-6 
source supply voltage, number of turns on the input and 


output circuits, and magnitude of the eontrol current on 
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gain of the amplifier, power-output of the device, and 
dynamie response of the system were observed. Dynamic 
response of the amplifier was observed for both step-funcs- 
tions applied to the input cireult end for ainuseidal 
variations of the control voltage. Uffecte of the vertous 
paranetersg on grin and power output ere based on steady- 
state operationsl considerations. The observed variations 
are correlated with theoretiosl coneLderstions end explained, 
whenever possible, by the use of accepted forwulne. 

The third phase of thie investigation is comprised 
of en analytic atudy of the megnetio emplifler based upen 
solution of the nonlinear ecustions of cirevult operation 
on the #1 Differential Analyser. ‘ set of almulteanecous 
aifferential equations ceseribing the behavior of the am 
plifier circuit wes prepere@d, and & series of analytical 
solutions te these equations wae obteined mathematically 
on the anelyzer, Circuit paremeters for these theoretical 
solutions were mede to closely epproximate the actuel exe 
perimental parameters under which laboratory observations 
were made. The analytical solution wes found to be an 
invaiueble sid to the understending of clrevuit performance. 
The reeults of the analytice1 solutions are eorrolateé with 
observed phenomena. 

The use of positive, ox regenerative, feedback 
was investigated in the fourth phase of this atudy. Again 


the effecte of variations in the ecircult parameters were 
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observed experimentally. Steady~state and dynamic charac- 
teristics of the feedback clroult are discussed and expleined 
on the beets of information obtained on experluental and 
antilytleal studies of the basic cireult. 

In the final phese of this etudy, certain deaign 
oriteria are established. These criteria are besed on 
analytical and empiricel censiderations of the performance 
of the magnetic-amplifier cireuit. The nature of the gain, 
power output, and dynamie performance of the amplifier are 
sorr@lated, and definite orlteria for methods of design for 
é partiquier performance are formulated. In connectien 
with these considerations, a typienl magnetic-amplifiler de- 
sigh ia carried out. Finslly, a series of suggestiona for 
future work in thie field ie presented. 
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CHAPTER IT 
THE MAGNETIC CIRCUIT 

Introduction 

Since the action of the magnetic amplifier depends 
in a large measure upen the ferromagnetic properties of its 
eaturable-reactor unit, the design of the magnetic circuit 
is of utmost importance. Considerations involved in the se- 
lection of the core material, the measurement of its proper- 
ties, and the winding of the reactors will, therefore, be 
diseussed in detail. 


Selection of the Gores 





Yhe factors which must be investigated in choosing 
the magnetic circuit for magnetic-amplifier design are: 

1. Normal magnetization curve, 
~ Permeability, 
» saturation flux density, 


» Sore losses, 


on F Wf 


- Core shape. 
These will be discussed in order and their significance in 
relation to the amplifler design will be pointed out. 

The normal megnetization curve of a ferromepnetic 
Core is & quelitative sensitivity-index for a magnetic am- 
plifier utilizing such cores. To achieve the highest ampli- 
fier sensitivity, the magnetization curve should have the 
idealized form shown in Figure 2-1, which exhibits a finite 
Gisoontinuity at the origin. This idealized function ie 
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eften used in the literature @e@ an approximeticon in the 
@ Such a 
funetion implies, of course, infinite initial permeability 


analysis of megnetic-amplifier performance. i, 


and no hysteretic effects. ‘The manner in which the mag- 
netization curve indicates amplifier sensitivity can be 
seen by plotting the static permeability as a function of 
direct magnetizing foree from the defining relation 


Me =. (2-21) 


For the ldeslized case this function 1s shorn in Figure*?-2, 
The transfer characteristics of the amplifier depend upon 
the variation of inductance with direct magnetization, and 
hence upen the permeability, since the inductance is direetly 
preportional to the permeability. The steeper the slope of 
the permeability function, the more senelttive will be the 
amplifier. Gomperison of the ideal statie~permeability fune- 
tion with the meesured functions of two different magnetic 
materials, which are shown in Figures 2-9 and 2-10, reveals 
that the sensitivity of the prectical amclifier is lesa then 
thet of the ideal emplifier. This criterion is only of 
ouslltative interest beceuse the reector inductance depende 
net upon the static permeabllity wat upon the incremental per 
neablLlity, there being no direct mathematics] relation between 
the two. Although 1% 1s smaller than the oteatiec permeability, 
the tncremental permeability exhibits, however, the same 
i, kena, U., "The Traneduetor, 8 D.C. Pre-Saturated Reactor, * 
(Stockholm, Zeselte Aktiebolag, 1943). 


2. Rex, H.B., "The Treneductor," Instruments, 20, (1947), 
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+ 23 
generel trend for a given alternating flux=-deneity amplitude, 
and renders the above-cited eriterion of practical interest. 
This criterion is particularly valuable as a guide to the 
metallurgiat seeking to improve the properties of core mater- 
lale for magnetice-amplifier design. Several ways of defining 
ineremental permeability appear in engineering Litereture, 
It me be defined as 


Bria 
“ae = i. (2=2) 
in which the rootemean-squere values of alternating induction 
and magnetization ere taken. If one of these quantities ia 
fhagumed sinusoidal, the other will not heve a sinusoidal wave- 
form because of the nonlinearity of the magnetization curve. 
Incremental permeability, therefore, is merely a definition 
which has meaning only in the sense in which defined, in this 
case being the ratio of the root-meeneequare values of the 
elternating components of B and H. 
The saturetion flux-density is of importance in 
determining the relation between the cross-sectionel core area, 


the carrier voltage, the carrier frecuency, and the number of 
turns in the carrier winding. The carrier circuit power 
supply is a sinueoidel-voltage source which gives rise to an 
alternating sinusoidel flux in the cores provided the imped- 
ance of the input elircuit of the induced even-harmonic volte 
éges is kept low. Under this condition, the magnetizetion is 
natural. If the impedance of the input cireuit to these 
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1. bLemeon, H.W., "Alternating-Current Mensurements of Magnetic 
Properties," I.R.E. Proe., 36, (1948), 266-277. 

®. M.I.f. Staff, "Magnetic Cireuits and Transformers," (New 
York, John Wiley & Sons, 1943), 198. 
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even-hearmonic volteges is high, the magnetization is eon- 
etrained and the eore flux is not ainusoidel,+ The present 
studies involve only natural megnetization, « high-paas 
filter being shunted serous the input windings such that 4% 
offers a high impedance to the signal-~frequency currents end 
yet insures @ lowelapedance path for the even-harmonics of 
the carrier frequensy. Under these conditions the flux 4n 
the core may be derived from the law of induction, 


@ = ~H, “ (203) 
GP2bA = - } feat (enh) 
fe “Fan ( EB sinpt at (265) 

7 ot GOSc pt (26) 


where 
@ is the voltege noroesa the cerriler winding of 
one reector, 
f is the flux in webers, 
fo 1@ the flux deneity in webers/acq. meter, 
& is the cross-sectional core aren in sq. meters, 

w 9 is the anguler carrier frequency, 

No is the musber of carrier turng on cne core. 
Vith zero direct magnetization and with the oarrier windings 
connected in series, the alterneting voltege ceresse one ree~ 
actor will very nearly equal one-nalf of the carrier voltage, 
the adirfference being @ result ef the voltage drop in the 
load caused by the exciting ourrent. For beet smeplifier 


1. Rex, H.R, “The Trans@uetor,” Inetrumente, 20, (1947), 
1103-1109 
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performance, the flux density in the cores should be so ad- 
justed that for no direct magnetization the flux-density 
amplitude just reaches the knee of the magnetization curve. 
if the flus-denaity emplitude ia chosen teo Llerge, the ox~ 
citing ourrent will be exceasive. If too gel] an amplitude 
4s chosen, the linear portion of the modulation chaerecter~ 
istic will be severely restricted. These effects may be 
seen by referring to the modulation chareeteristics shown 
in Ghepters III en¢ V. The olreuit parameters which may be 
adjusted te eehieve this condition, consistent rit: other 
considerationa such as pover output, epece and weight, bende 
width, and linesrity, ure A, Ho, Bo, andwy. 

Becauge 1% is a variable renctence, the megnetic 
amplifier is ideslly a lesaless circuit in contrast with 
the electronic emplifier, which le a variable resistance, 
and inherently dissipetive. For efficient operstion, the 
core end copper losses in the megnetioc amplifier ehould be 
minimized, Or, ateated in another fechion, 1t is Aecireble 
to minimice the exoiting ourrent of the saturrble reactore 
and to obtein a coll with ne high a Gas possible. Exeliting 
current which flows in the load when no signal is @epplied 
represents & useless component of loed power, It has the 
further disadventage of ceéusing cumulative saturation when 
wegnetic-euplifier stages sre caserded. If the demodulated 
exciting~-surrent ocutput of the first stage were fed toa 
second stage of amplificetion, a signal would flow in the 
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Signal had been @pplied to the first stage. This cumulative~- 
saturation effect in cascaded amplifiers must usually be 
compenea ted for by one method or another. + 
The core-logss is made up of two components, 
hysteresis and eddy-current loss. Hysteresis loss may 
usually be expressed by the relation 
me VV g (2-7) 
where: 
Py, is the hysteresia power loss, 
n is the Steinmetz coefficient, 
Y 4g a constant of the material, 
V is the core volume, 
fF is the alterneting~current frequency, 
Bia is the maximum flux density. 
This formule is strictly applicable only to a sore which is 
in the symmetrically eyclically magnetized condition. ~ 
Since the magnetic amplifier is asymmetrically magnetized 
by virtue of the superposed direct magnetization, the validity 
of this formula applied to a magnetic-amplifier circuit is 
open to question. It servee to point out, however, that the 
hysteresis loss is a function of both the frequency and the 
quality of the core material. Since the carrier fresuency 
will be Limited by the available alterneting-current source 
or by bandwidth requirements, hysteresis can be minimized by 
proper selection of core material. Another menner in which 
1. FiteGerald, A.S., “Magnetic Amplifier Circuits—-Neutral 
Type," J.F.i., 24, (1947), 249-265. 


Qe. M.I.T. Steff, "Megnetic Circuits and Transformers," (New 
York, John Wiley & Sons, 1943), 129-130. 
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hystereaie might be reduced ie by making uee of the Elmen 
effect.* If an electromsignetie device la anst tet by —_ 
rent of a given frequency, 1t is possible to reduce the 
hysteresia loop for the low frequency by the superposition 
of a seogond alternating-current of considersbiy higher fre- 
quency, the effect being that the high-frequeney current 
supplies moat of the hysteresia loss. inie method of ap- 
proach to the hysteresiereduction problem, however, would 
reoulre an additional alternating-current souree of higher 
frequency then the carrier. If sueh additional windings 
were used, the available window spece would be reduced. 
kffects of intermodulation also would have to be considered. 
The other compenent of core lose is that of eddye 
current dissipation. This may be written to a first approxi-e 


metion™ as 


Pe s kot*. 42 ¥ 


where 


* 


* is the eddy-current power loas, 


* 
2 


ig & Gongetent of the materiel, 

f Ais the alternating-current fraqveney, 

? is the lamination thickness, 

fe ts the maximum flux density, 

VY ig the ecre volume. 
T% minimise eddy-current lose Lt ls &y arent thet the eore 
should be Kept email, the material should postees oa high a 
1. Kleen, &.¥, “Hlgh-Frequeney Detector,” U.. Patent 
1,289,418, (1918). 


2. M.i.T, Start, “Magnetic Circuits end Traneforners," (New 
York, John Wiley & Bons, 194%), 152-136. 
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resistivity ag poselble consistent with the magnetic proper- 
ties, the material ehould de ag thinly laminated ag preetio- 
able, and the interlawinar tneulation should be efficient. 
Bpirally-wound tepes of one=-mil thickness ere now cemmercially 
available, end the processing of even thinner tapes is in the 
developmental stage. 

& further effeot of the eddy currants La to distort 
the flux by reducing the field at the eenter of the lemina~ 
tions. Thise effect increases with freouency se the skin depth 
ef the eddy ourrente decreases. This effeet, known ag eddy~ 
current shielding, reduces the effective cross-seotional area 
of the core. 

The shepe of the megnetic cireult la, likewine, an 
importent consideretion. Currently used configurations ine 
clude the twin-toroidel, the three-legged, and the four-legged 
satursble reector units, lllustreted in Figure 2-3. As pre- 
viovely discussed, the permesbility must be maximized for 
optimum perforasnce, enc hence the presences of even a minute 
fir gap must be eveided. This requirement indicetes thet 
dust gores or interleaved punchinges should be avolded. 

BStecked annulor lewinetions or spirelly-round tanes are 
referred, Since it is desirable te keep the cnvpline between 
the windinea as high es pessible, the leakere flux must be 
minimized. The toroidsl-core reactor, in which o#eh winding 
is Aistributed over the entire periphery, offers the beet 


#olution to this provlem. The advantage of the three and 
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four-—legised reactors over the twin-toroldel type is that no 
fundemental or odd harmonie voltage 1s indueed in the con- 
trol windims, vhereas in the latter type these voltages are 
agtuelly induced, although bucked out by the connection of 
the two windings in series opposition. Sande these iifluced 
vyolteges mey be high enouch under certain conditions to 
eauge breakdown, the three or four~lercged reactor mey be 
praferrea in some derignea. 

Magnetie metericls which are now being ueed in 
neenetic-rpmplifier design include permenorm 5000~7, AlLegheny 
Mleetriernt Alloy iteel #750, mumetel, permalloy, hipernik, 
end ailivon steel. The recuisite m pnetlo propertion ere not 
ensured by alley composition alone. ‘uch metallurgiesl] pre-= 
cesses ne grain orlentetion and megnetic annesling ere moet 
essential in aetermining the performence of the epecimen. 

The moct outstending emong these magnetic materials is 
 permenorm 5000-2, which Le a very recent development of the 
Hayat Ordinence Laboratory and sttrituted to G.%. Elmen end 
BA, Geugler. + Charaeterized by # meximum permerbiliity of 
spout 300,000 and a eature tion flux density of about 15 KLle- 
gaues, the moat distinctive feature is its almost rectangular 
hystereals loop. From a performence viewpoint, siileon sateel 
La the poorest choice ror mognetio~smplifiler resetors, al- 
though the cost la much less then the nickel alloys. The 
recent work of Minthera, hewever, Indicates thet much better 
POO MaaaS may be obtained from silicon-Lron, if properly 


Le Rockett, Frenk, "Improved Metverial for Megnetia Ampli-~ 
flere," Electronics, (August 195%¢), 128-130. 
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Four meteked toreidal cores of fllegheny Lleetrieal 





Alley #4750 and four matched toroidal ceres of Allegheny 
Kumetal were eveilable for thia study. The former type 
cores, shown in Figure 2=4, are epirally-wound metallic 
tepes of three mil thickness whores convolutions are seperated 
by © magnesium-oxide insulating layer. The latter type cores, 
shown in Figure 2-5, ere aseembled from three-mil annular 
etespings. In order to eveluste magnetie cireult perform 
ence end to check the consistency of mapnetic properties 
ameng the samples, the normal magnetization curve end typleal 
hysteresia loops were menegured with a Leade and Northrup type 
P-2239-D ballistic galvanometer uaing standard techniques. © 
The resulte ere shown in Figure 2-6 for the Allegheny Elec-~ 
trical Alley #5750, end in Figure 2-7 for the Allegheny 
Humetel. The epproxinately reoetenguler hystereais loop of 
the Allegheny #4750 1s contrested with the more conventional 
curve ture of the mumetal loop. This reetanguler effeot is 
echteved by redueing lapurities to o minimum in the eriginal 
melt, by annealing the spiral tepes in a hytrogen atmosphere, 
and by eooling slowly in a megnetic field applied in the 
direction of rolling. Ferromagnetic materioels ere well- 
known to be megneticelly anisotropic, that 1s, they have a 
direction of easiest magnetization. Tor & single cryatal of 
1, M®anget Report Kem UiN (unelaseified), VU. &. Navel Technieal 
Mission to Japan, "“Kegnetic Development in danen Guiring 
Worla War IT, (1946). 


2. Rioker and Tucker, "Electrical Engineering Labors tery 
ixperiments,” (New York, MeGraw-Hill, 19/0), 91-100. 
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CORE CONSTRUCTION 
48 SPIRALLY WOUND TURNS OF ALLEGHENY LUDLUM 
NO. 4750 ALLOY OF 0.003 INCHES THICKNESS. 
MAGNESIUM OXIDE INSULATION APPLIED DURING WINDING. 
CORES HEAT-ANNEALED IN HYDROGEN ATMOSPHERE BY 
NAVAL ORDNANCE LABORATORY OF WHITE OAK, MARYLAND. 


WINDING DATA. 
7200 TURNS OF NO.30 FORMVAR ENAMELED COPPER 
WIRE, TAPPED EACH 200 TURNS. 


zak 


FIG.2-4 SPECIFICATIONS FOR NO.4750 CORES 
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CORE CONSTRUCTION 


70 .LAMINATIONS OF ALLEGHENY LUDLUM MUMETAL 
OF 0.003 INCHES THICKNESS, STACKED AS SHOWN. 
HEAT TREATED BY ALLEGHENY LUDLUM. 


WINDING DATA 


2000 TURNS OF NO. 36 MAGNETIC WIRE, 
TAPPED EACH 200 TURNS. 


FIG.2-5 SPECIFICATIONS FOR MUMETAL CORES 
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fifty percent nickel-iron thie is the crystal edge or the 
1,9,0 axis. In this direction the electron apins can be 
Aligned with minimum energy. In grain-orlented material, 
egnieved by rolling in the 1,0,90 plane, the crystal lettice 
of the greins is aligned sueh that the entire mess exhibits 
magnetic behavior similar to a single crystel. The megnetic 
anneal, on the other hand, crients the domaing by means of 
internal magnetostrictive forces without changing the crystal 
slignment. The effects of domszin growth and retetion in 

the Gireetion of an applied alternating magnetic field are 
thereby eliminated, lesving only the sudden 180-degree reo 
vereals of the eleetron epings as the direction of the field 
is chenged. Thig results in ® rectancular hysteresis loop. 
dhe seen from Figure 2-6, this effeot is achieved to eonsider- 
able degree in the Allegheny #+750 corea which vere given 

a magnetic snneal by the Naval Ordnance Laboratory at White 
Oak, Maryland. 

The consistency of the mernetic vcroperties between 
the various samples of Allerheny #4750 weg found te be auite 
good, as shown in Figure 288, The ecntrol of the complex 
metallurgics! preeasses to produce uniformity in msenetic 
properties between Gifferent lots of material, or even 
betveen different gemoles of the seme melt, is one of the 
most aiffieult preblems in the manufecture of core meterisis. 
leok of uniformity of the core properties ine megnetic am- 


Plifier will proftee ean unbalanced eurrent-waveform. 
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The static permeabllity wes computed ag a funetion 
of direct magnetizing foree and plotted in Figure 2=9 for a 
#4750 sample and in Figure 2©10 for 6 mumetal sarnple. ‘The 
paximum etatic permerbiiity of the Allegheny #750 is seen 
te be wuch higher then for the mumetel. This indicntas 
thet « PR750 renetor would heve a higher @agnetizing indue-~ 
tance end & Lower exeiting current then one using mumetel. 
Furthermore, the rate of change of inductenee with direet 
magnetization, being proportional to the elope of the per 
meability function, 1s observed to be much gre@ter in the 
exee of the fllegheny M750. Magnetic amplifiers useing 
hliegheny #750 revsetors would, therefore, be expected te 
give higher sensitivity. ‘Sines time limltetilons precluded 
a etudy of both type cores, those of Allegheny #4750 were 


chosen for this study. 


Winding the Ttoroids. 

A pair of #4750 cores were wound using a toroidal. 
core winding mechine. “hen winding ferromagnetic cores of 
tive ineulating scontainera, such ase linen~eovered dbakelite, 


high permenbility, it le necessary to encioes them in p! 





in order to relieve the oores of any mechanical streing 
caused by the winding preceaure,t The containers ghould fit 
loosely enough te ineaure thet no external magnetostrictive 
forces are applied, while at the eame timn fitting snugly 
enough to hold the cores seaurely in place. The epplication 


of a magnetic field te a ferromrygnetice body disturbs the 
1. Burton, %.7., "franeformer,” U.S. Patent ¥1,580,412 
(1930). 
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balance between the internal electric and magnetic forces, 
and hence, ohanges the physical dimensions of the body. 
Conversely, ® mechanical atrain resulting from the arplie 
eation of #n externe] mechenionl etrees rill alter the 
twagnetic properties. These effects are referred to rs 
myrnetostriction. It is eprarent, therefore, thet in order 
to preserve the magnetic prepertiees of ep given ferromugnetio 
specimen, provision must be meade for the natural expansion 
and contraction of the sore under the influence of mage 
netizing ferees. Another censiderction in the design of 
the econteiners Ls thet they chould be conetructed es small 
ag poasible eonslatent with mechenioel rigidity in erder 

te prevent undue logs of window gpaee. Accordingly, the 
Allegheny #1750 cores were provided with Linen-covered 
bakelite boxea, shown in Figure c~1ll. The mumetel cores 
were aleo provided with similar boxes, shown in Figure 2812, 
in the event that 1t beceme feasible te inelude them tn the 
atudy of magnetic-amplifier ciroultes. 

The pair ef Allegheny ©750 cores which had teen 
eseleoqted’ for the study ware e#eh wound with 7200 turns of 
30 Foravtr enameled copper wire. During the winding 
process, caution must be exercieed to prevent seraping the 
lngulation and thereby ehort-eireulting sdjecent turne. 
Sherted turns remilt in lowering the @ of the e¢eil hecmise 
of the cepper lose ceuvsed by the high ghort-cirecult currents 
induced. A low @ reduces the effloleney cf the amplifier 


and Inereesenr the exelting current, 
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VIEW THRU SECTION B-B’ 
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EXPLODED THRU SECTION A-A 
MATERIAL — LINEN COVERED BAKELITE 


NOTE- INSIDE DIMENSIONS OF THE BOX ARE VERY SLIGHTLY 
GREATER THAN THE OUTSIDE DIMENSIONS OF THE CORE IN 


ORDER TO AVOID PLACING ANY MECHANICAL STRAIN ON THE 
CORES WHEN WINDINGS ARE APPLIED. 


FIG. 2-ll SPECIFICATIONS FOR SPECIAL INSULATING 
BOXES FOR NO. 4750 CORES 
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VIEW THRU 
SECTION B—B’ 





| EXPLODED VIEW THRU 
SECTION A—A’ 


Min w/ a 


MATERIAL— LINEN COVERED BAKELITE 


NOTE — INSIDE DIMENSIONS OF THE BOX ARE VERY SLIGHTLY 
GREATER THAN THE OUTSIDE DIMENSIONS OF THE CORE 
' IN ORDER TO AVOID PLACING ANY MECHANICAL STRAIN 
| ON THE CORES WHEN WINDINGS ARE APPLIED. 


FiG.2-l2 SPECIFICATIONS FOR SPECIAL INSULATING BOXES 
FOR MUMETAL CORES. 











MATERIALS — LINEN COVERED BAKELITE AND STANDARD 
SOLDERING LUGS. 


NOTE — THE 37 SOLDERING LUGS ARE CONNECTED TO TAPS ON THE 
CORE WINDINGS EVERY 200 TURNS. PROVIDING A CONVENIENT 
METHOD FOR CHANGING THE ARRANGEMENT OF THE 
VARIOUS WINDINGS. 


FIG.2-I3. SPECIFICATIONS FOR TEST COIL BOXES. 











To achieve maximum coupling between the various 
windings it is necessary to minimize leakeze flux. It is 
desirable, therefore, thet each of the several windings 
requirec by the emnlifier cesign be dlietributed eround the 
entire circumference of the toroid. In order to reduce 
capacitance paresitics, the coree should be wound sueh 
that large potential cifferences between turns sre avoided 
whenever possible. The separation of the windings from 
the metallic cores by means of the protective boxes is @n 
additional aid in reducing stray capecity. 

All reactor windings were tepped every 200 turns 
in order to provide & ready meens for chenging the number 
of turns. Hach finished eoll was then enclosed in @ cyline 
adrical container. Ag shown in Figure 2-13, the covers of 
these containers were provided with 35 soldering luge to 
which the various coll taps were atteched in a systematic 
manner and labeled to permit exsy identification. The 
coils were then impregnated with Ceresine Wax to improve 
the insulation and exelude moisture. The convenience vith 
which the number of turns could be adjusted in the verious 
windings was of great vaiue while conducting experimental 


studies. 
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CHAPTER ITI 
EXPERIMENTAL STUDIES OF THE BASIC CIRCUIT 

Introduction 

Although the basic megnetic-amplifier circuit, 
whose properties will be discussed in this chapter, is not 
the case of most practical interest, conclusions drawn 
from its study will provide certain fundamental concepts 
as to the static and dynamic performance of the magnetic 
emplifier. Beceuse the problem of designing magnetically-— 
biased saturable reactors involves nonlinear differential 
equations, the usual approach has been to approximate 
mathematically the empirically determined nonlinear func- 
tions, or to carry out experimental investigations on a 
prototype.2?* A third method of attack, which to the 
knowledge of the authors has not yet been applied to the 
problem, is the solution of the system equations by machine 
methods. This letter method has been carried out using the 
M.I.T. Differential Analyzer Number One. The anelytic re~ 
sults obtained therefrom are compared in Chapter IV with 
the experimental results set forth in the present chapter. 


The Experimental Circuit 
The basic magnetic-amplifier circuit studied in 


this chapter is the series-connected saturable reactor with 


&® direct-current input and an alternating—current power 

1. M.I.T. Staff, "Magnetic Circuits and Trensformers," (New 
York, John Wiley & Sons, 1943), 199. 

2. Lamm, U., "The Transductor, A D.C. Pre-Saturated Reactor, " 
(Stockholm, Esselte Aktiebolag, 1943). 
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gupply and load. The elreuit errengement 1e shown in 
Figure 301, disregerding the feedbeek section, which is 





not applicable te the vbesic clreuit and will be dLacussed 
in a leter chapter. The purpose of the experimental etudy 
is to show the effect of the various eclreult elements on 
both the static and dynemic performance of the magnetic 
amplifier with a view towards eatablishing certain design 
eriteria. A thorough study of these effecta in a prototype 
amplifier permits the use of model theory in sealing the 
glize and winding date of the reactors to meet a specific 
application. 

Because the megnetio amplifier is a nonlinear 
circuit, ite behavior cennot be characterized by o system 
function, or transform, as in the case of a linesr device. 
The system Atself, more specifleslly the circuit Lnductance, 
is a function of the excitation, The nonlinearity is at~ 
tributable to the saturation phenomenon of the ferromagnetie 
eore which la prescribed by the magnetization curve. Since 
the emplifier cannot be analyzed es & lineny system, this 
chepter will diseuss the empirical approach, Dased upon ex~ 
perimental date, for optimizing the following exeitation 
varilebles and lumped-cireult parameters: 

1. the control current, 1,, 
2, the control-cireult resistence, 4,, 
>» the number of turns in the control winding, %,, 


4, the carrier-excitation voltege, Ep, 
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5. the carrilerexeitetion frequency, fo, 

6. the load resistanoe, Ro, and 

7. the number of turne in the carrier winding, No. 
The response varieble will be considered to be the carrier 
current, io, from which the ampere-turn sensitivity, the 
power output, and power gein can be readily computed. 





The modulation cheracteristio, or functional re- 
lationship between the control current and the average- 
onrrier current, is the most useful transfer curve for 
Gescribing the static behavior of the magnetic amplifier. 
This characteristic ls more significant when averege output 
ampere-turne are plotted as a function of input empere- 
turns, giving the relationship between control and carrier 
magnetizing forces. For the ideal case of infinite initial 
permesbllity, this relationship would be a straight line 
through the crigin having « forty-five degree slope; that 
is, the averege oarrier ampere-turns would equel the con~ 
trol ampere~turng within the emplifying renge of control 
excitation. In the practical ceee, this reletionship Le 
Closely approximated and hes been discussed in deteil by 
luchhoid.+ Beeause of the exeiting current which is re~ 
quired to furnish the no-load eore losses in the practical 
amplifier, the average carrier ampere-turns exceed the 


control aupere= turns in the lower control range, whereas in 
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49 
the higher control range they fall off and become less than 
the control ampere-turns. A modulation characteristic 1s 
plotted in Figure 3-2 for constant voltage across the 


reactors, & case of no preotical interest because 1t implies 
the absence of load resistance. The manner in which thia 


characteristic arises is explained by reference to Figure 
3-3, whieh shows the relation between the flux and the 
ampere-turne in the cores. Only the action of one core need 
be given. Ag long as the peek excursions of the flux lie 
below the saturation line, the ampere turns are small and 
eesentially constant in emplitude, as shown by Figure 3-3, 
(1) end (2). As the peak flux-exeursions begin to exeeed 
the saturation line, linear amplifying «setion takes place. 
The end of the linear range, point (4) of Figure 3-2, oecurs 
when the direct flux biases the alternating flux to the 
saturation line shown in Figure 3-3 (5). As the input in- 
cresses beyond thie point, the characteristic begins to 
flatten out, becoming horizontal when the direct flux is 
eo lerge that the entire excursion of the alternating flux 
lies above the eaturation line shown in Figure 3-3 (5). 
Regardless of further increases of the control current, the 
earrier current will remain constant by virtue of the fact 
that the core is now completely saturated at all times with 
respect to the alternating components. 

In the practical magnetic amplifier the voltage 
ecrogs the reactor is not constant, but falls off as the 


voltage-drop secross the load resistor rises with increasing 
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FIG. 3-2 MODULATION CHARACTERISTIC. 
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FIG.3-3 FLUX AND MAGNETIZING FORCE FOR VARIOUS VALUES OF 
DIRECT EXCITATION. 
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carrier current, and hence the actual moculetion charae- 
teristic flattens out somewhat soomer. The observed effect 
of the circuit veriables upon the modulation characteristie 
will be taken up end explained individually in order. A 
Weatern-Eleotric type 142A amplifier fed hy a Hewlett-Packard 
model 205AG audio-frequency generator was used ag the earrier-~ 
power supply. The lead voltage wae reed from a HKewlett~ 
Packard model 400A vaecuum-tube voltmeter whose deflection is 
proportional to the average velue of the voltage although 
ealibrated to reed the roctemean-gquare value of as sine wave. 
The average value of the carrier current was then computed 
from Orwa's law, Knowing the value of the load resistance and 
the averege value of the Llosa voltage. The value of input 
gurrent was read directly from a direect-current milliamnaeter. 
The control circuit parameters, Ny and a, were 
ebvserved to have no effect upon the modulation cheracteristic. 
Ry wag teken from a minimum velue of 165 ohms, the resistence 
of the input winding, to a maximum value of about 10,000 ohme. 
No effect would be anticipated unlese the impedance of the 
control cireult to the indueed even<harmonic carrier currents 
is high. if, for exemple, & choke coil were placed in series 
with the control windings, the flew of the even harmenics would 
ba restricted and the mognetizetion of the cores would be 
constrained. the flux, as explained hy Suchhe1a, * would no 
longer be sinusoidal and the wiveform of the carrier ourrent 


would be altered. To ensure netural megnetization, and 
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1. Rex, H.B., “The Transductor," Instrumente, 20, (1947), 
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sinusoidal flux, a capacitor should be shunted across the 
control-current windinxe ef a magnetic amplifier. This 
filter should present es low impedance to the even-harmonic 
frequencies of the carrier, and a high impedance to the 
gaignal frequencies, 

While the control circuit has little effeet upon 
the modulation characteristics, the carriemcircult varisbles 
were all chserved to have quite a pronounced effect, The 
effect of the load resistor, Mo, will firat be considered. 

The effect of Ay is to reduces the alternating 
voltege which sppeers across the errrier windings of the 
saturable reactors ag a result of the voltage drop in the 
loac, thereby reducing the megnitude of the élternating-~ 
flux smplitude in the cores. If, for the moment, the 
carrier current is aeasumed sinusoidal, an assumption which 
is quantitatively invalid beceuse of the high odd-harmonie 
content of this current, linesr-impedance coneepts, based 
on einusoldal exeltation end response, may be used to give 
a qualitative picture of the effeet of load resistance on 
the modulation cheracteristic. Figure 3-4 may be taken as 
the equivalent carrier circuit where Lo is an inverse fune- 
tion of the gontrol current. The eore losses are lumped 
into & for convenience, The ratio of the voltage, &, 
across the reactors to the carrier-asupply voltage, ios is 
obtained as follows: 
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FIG.3-4 EQUIVALENT CARRIER CIRCUIT 
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(NI) 
(a) SMALL FLUX AMPLITUDE. (b) LARGE FLUX AMPLITUDE. 


FIG. 3-6 
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7 Bo (2ju, Lo) 
Ro 4 23“ Le (3-2) 


1 - Mears! (3-3) 


Fe - rey ‘= | (3-4) 
[Fa] 


Since, for zero 1,, lo is very large, ideally infinite, 
the ratio 1s initially unity, cr neariy se. Aa IT, increases 
and lo decreases, the ratio falls off and approaches zero 
for small lo. The ratio is down 3 db when 
Ro 
2 we 
The EL/E> function is plotted in Figure 3-5. For higher 





1 (3=5) 


load resistances, tnerefore, the ratio drops from unity at 
ahigher rate. Since the alternating flux-density amplitude 
is given by 


(3 = zu (3-6) 
gif 
the alternating component of core~flux experiences the same 
rate of change of amplitude with I, as does the voltage Ey 
The modulation cheracteristic, therefore, tends to flatten 
out for lower vélues of input empere-turns as the Ro is made 
larger. This effect may be pictured phy sically by reference 
to Figure 3~6, from which it is seen that a smaller value of 


direct flux ia needed to bias the entire alterneting flux 
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above the saturation line with a emell flux amplitude eas 
compared with @ large flux amplitude. This effect wes ob- 
served experimentally, as shown by Figures 3-7, 3613 and 
3-18. 

The manner in which Ep affeets the modulation 
cheracteristic can best be explained by again referring 
to the ratio EL/E which is expressed by Equation 3-4 and 
shown in Figure 3-5. Ea does not affect the rate at which 
Ey, falls off with 1,, but does control its magnitude. Thus, 
for higher Ep there exists a larger core-flux amplitude 
from the Equation 3-6, and the wodulation characteristic 
tends to flatten out for higher values of control ampere- 
turns. This effect was observed as shown in Figures 3-6, 
Je14 and 3-17. Another effect which should be pointed out 
is thet if, with no control current applied, the value of 
the alternating-~-flux amplitude is auch that 1% exceeds the 
saturation line, an excessive exciting current is drawn. Ags 
etated in Chapter Ii, the flux should be so adjusted thet it 
just falle to exceed the saturation line when no control 
current is applied. A good Lllustration of excessive exci t- 
ing current as a result of incorrect alternating-flux adjust- 
ment is the ie = 80 volts (rms.) curve at & carrier frecuency 
of 100 cycles per second, shown in Figure 314. 

Uniike the effects of Kp and Ap, the carrier fre- 
quency, fo, affects doth the core flux and the carrier~cireuit 
impedance. The flux-denalty amplitude is seen from Equation 
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3-6 to be inversely proportional to the frequency. If the 
frequency is raised, the flux—-density amplitude is lowered 
and the modulation characteristic would be expected to 
flatten cut for lower = by reason of the effect pointed 
out in Figure 3-6. The HL/Eo ratio, however, would fall 
off at a slower rate for the higher frequency tending to 
counteract the former effect. Uxperimental results plotted 
in Figure 3~9 show that the lowering of the flux-density 
amplitude is the more significent effect, since the modula- 
tion characteristics flatten out esconer at higher frequencies. 

The finel system paremeter to be considered ig No. 
Similar to the effect of fo, Np affects both the core flux 
ana the cerrier-circult impedance. A larger number of turns 
would decrease the core flux, as shown by Equation %6, and 
the modulation characteristic would tend to flatten out at 
® smaller value of i, from this consideration. The way in 
which No affects the carrler-circuit inductance is indiceted 
by the relation 

Le 2 K Np Woe (3-8) 

in the case of the frequency effect, the reactance went up 
directly with the frequency, whereas with No, the reactance 
goes up es the square of the number of turns. The &,/Eo 
ratio has considerably more effect here than in the ease of 
the frequency variation. For larger No the effect of this 
retio is to cause the modulation characteristic to flatten 
out at higher values of i,- These tro effects, as in the 


ease of the freauency variation, tend to oppose one another, 
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but beotuse of the squared relation there 1s an optimus value 
of Ne to be sought euch thet the modulation cheracteristle 
follows along a forty-five degree slope a5 long as possible 
before tending to flatten out. The fact that en optimum No 
exists can be seen by examination of Figures 3-10, 311, 
3912, 3-15 and 3-18. 

From this quelitative diseussion it is seen that 
two factors must be kept in mind when predicting a modula- 
tion characteristic, namely: the initial value of the flux- 
density amplitude and the rate at thich this amplitude falls 
eff with reapest to increasing control current. As stated 
et the beginning of thie discussion, these concepts are 
only of a qualitative nature beosuse the impedance concept 
iteelf is based upon the aseumption that the carrier ourrent 
is einusoidel, ean assumption which ia highly appre ximate, as 
can be eeen by xeference to the actual waveforms encountered, 
as Allustrated in Chepter IV, 

From a Xnowledge of the modulation cheracteriatics 
of a given clreult, the valuea of power cutout and power 
gain may be obtelined directly by computation. Since the ex~ 
clting current which flers in the load when no signal is 
applied dees not represent useful power, it is usuelly com 
peneated for in the practi¢cal case by one method or another, + 
if I, represents the root-mean-aquare value of the exoiting 


current, the power output is then obteined from the expression 
1. Fitegerald, A,S., “Magnetic Amplifier Characteristics - 
Heutral Type, * JF te, oe, (1947), MY bnolt 399. 
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Pow (Ig = I,) Bp (3=9) 
The power input may be obteined from the relation 
Ps 1° ay (3-10) 


From these two expreseions, the power gain may be defined 
2 
Ks #o/?, s ie = te’ 3 (F121) 
So » 

From these relations power output and power gain may be 
plotted as a function of power input, or more conveniently, 
ag functions of "sy in order that the choice of Ry, baged 
on dynsmio considerations, may be made independently. 
Figure 3-19 shows Pz and (Ry K,) plotted as functions of 
2,*. The parameter is chosen 84a Re, gince the choice of fo 
hag been assumed fixed by bandwidth or poweresupply recuilre- 
ments, and the value of No has been essumed optimized from 
studies of the modulation cheracteristico. These families 
of curves reveal that the value of Rp chosen is a compromise 
between power gain, power output, and linear range. Ag will 
be shown in the discussion @& circuit cynemice, a higher Ry, 
decreases the response time, but also lewers the gain. The 
actual design must, therefore, be a@ compromise between power 
output, power gein, lineerity, and response time. 

An approximete formula for estimating the power 
gain of a magnetic amplifier without feedback may be de-~ 


veloped using the relation 


Ny 1) Ne Tp (3-12) 
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which is ea fairly good approximation over the region where 
excitetion ourrent, I,, is small and where the module tion 
characteristic has a slope of approximately 45 degrees. 
The power gain may be developed as follows: 


t | 
Z * ~ (3-13) 
Ip ¥ 1.11 I, ( 3024) 
Tg 
ie (3015) 
K, ¢ 

( 316) 
x = ( 3017) 





fThig relation shows which factors are most important fer 
conelderetion in obtaining high gains with the baele amplie 
filer cireult, assuming that the alternating flux has been 
properly adjusted by correct choice of Kp and fo. 





engineering literature concerning the stetic characteristics 
of the magnetic amplifier, very little detailed analyais of 
the transient behavior has been published. In 1943, Buehwld 
establi¢ghed that the speed of response was proportional to 
the ratio of input-cireuit induetence te input-cireuit 
resistance. Lamm, in the same year, publiehec a transient 


1. Buehhold, T., "On the Theory of the Magnetic Amplifier, “ 
Archiv fur Elektrotechnik, 37, (1943), 197-211. 
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analyeis of a three-phase saturable-reactor in which he 


states thet the response time is proportional to the oarrier 
frequency. In 1946, Grafinger pointed out thet the meg- 
netio amplifler could be characterized by a first-order 
tine constant.” Therkelsen confirmed this observation fron 
frequenoy-response studies, showlng the time constant to be 
eseentiaily the ratio of inductence to resistance in the 
input cireuit.? The purpese of the present study is toe ex- 
tend these investigations in order to esteblish the effect 
of all cireult parameters upon the dynamice of the emplifier. 

Because the magnetic amplifler ie a nonlinear 
system, 1t 1s inherently incorrect to characterize its 
dynamic performance by means of & time constant unless ed- 
ditional defining restrictions sre imposed. Since the input 
inductance is a function of the degree of saturation of the 
core, which ie, in turn, a function of the exeltation cur~- 
rent, any time constant defined in terme of the ratio of 
input inductance to input resistance is, in reality, a 
varieble. If, however, a sinusoidal signal ise superimpoeed 
upon a biasing-eurrent level, the amplifler response has 
the characteristics of a firsteorder system as first shown 
by Therkelsen and extended leter in this chapter. 

The apeed of response will be studied in this see- 
tion in termes of the time required for the amplifier to re~ 
spond to an applied etep voltage. Because the syctem is 


1. Lowa, U., "The Transductor, A D.C. Pre-GSaturated Re- 
actor," (Stookholm, Esselte Aktiebolag, 1943). 

2. Grafinger, L.., wh Study of Magnetic haplifiers for 
Servomechaniems," E.2. Thesis (M.I.T., 1946). 


. erkelsen, %.B., "A Low-Power Magnetic Amplifier for 
3 Sebvensenehiqna, E.E. Thesis (“.1.T., 19b). 
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nonlinear, the term, time constant, will not be used. A 
more appropriate expression ig effeetive cheracteristice 
time, (CT), which will be defined ae that time required 
for the output to rise or fall through 63% of the total 
change in response to a step-function input.? This concept 
ie based on an analogy with the simple exponential curve 
whieh characterizes a firsteorder linear system, in which 
the time constant is defined ae the time for the step~ 
function response to rise or fall through (1-1/e), or 63%, 
of the total change. Thus, the characteristic time of the 
nonlinear syatem ig analogous to the time conetant of the 
linear system. The characteristic time will, therefore, be 
the index used in epecifying the speed of reaponse of the 
magnetic amplifier. 

The leborstory teehnique used to mensure (CT) in- 
volved the application of a step voltage to the input tere 
minale and observation of the cerrier-current tranelent on 
@ calibrated osellloscope. A Dultont type 215 lowefrequeney 
linear time-base generater was used to furnish the sweep 
voltege to ea Dulilont type 206 cathodeeray osclilloseepe which 
wae modified by the substitution of a high-persistence cathode- 
rey tube. The time for the carrier envelope to rise or fall 
from ites initial value through 63% of the total change could 
be read directly from the oecilloscope onee the horizontal 


sweep had been calibrated in milliseconds. The step voltege 


1. Draper, G.8. and MeKay, W., “Instrument Analyeis, “ 
H.I.T., 1946. 
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wag applied by means of e ewiteh in the input elreuit 
whoee closure also triggered the sweep. 

Gireult conditions were chosen a6 nearly iden- 
tieal ag possible with those used on the differenticl 
analyzer in order that bi comparison of analytio and exe 
perimental transient data could be made. A standard con- 
adition was selected end the clreult psrameters were verled 
one at an time in order to observe their effect upen the 
transient. 

The effects of chenges in the control-circult 
parameters, Ry, tay end N,, were investigated first. The 
results indicate thet (CT) varies inverasly with ®,. This 
conclusion ie drawn from the faet that when (CT) is pletted 
as a function of A, on logeritimic coordinstes, the fune- 
tion has a negative slepe of unity. The experimental data 
ie shown in Figure 3-20. This result confirms the ohacrva- 
tione of previous experimenters. The effeat of the input 
ourrent upon the transient response shored that (CT) vartes 
inversely as the square-root of Ia, ag can be seen from the 
negative slope of oneehaif which the function exhibits on 
the logarithmic plot in Figure 3-20. When the effeet of 
input turne was emmined, (CT) wee obeerved to vary direetly 
ae My, the logarithmic plot of Figure 3~20 having a positive 
slope of unity. Ffesase hes shown that the reaoter Inductance 
ig inversely proportional to the control current to e first 
approximation.* On thie basis, the following relation holds, 


4. gees WoMe, er! TS & ” is Cycle Servomechania, " 
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2 
I} (3-18) 
in which k' is a constant of proportionality, and Ly, be- 
cause it is a function of 1,, is identified by the addi- 


tional subscript, (Z,). The following relations can be 


Ore, 
(3-19) 


(oT) yRi(1,) 
a (3-20) 


It is coneluded, therefore, that the characteristic time 


seen: 


or 





is directly proportional to the square-root of the final 
value of the input inductanoe, and inversely proportional 
to the input resistance. 

The effects of the carrier-cirouit parameters, 
Ro, No, Eg, and fg, were next observed. As shown in 
Figure 3-21, the effect of Re was found to be negligible. 
Eo and fo had only slight effect, while N produced &@ pro~- 
nounced variation. From empirical dete over the region 
exemined, (CT) has the following funetional relation with 
respect to the carrier elreuit: 

(E> 5 


(cT)_~» a ——, (3-21) 
(f2)TO (N,)2 


These effects are difficult to explain beceuse of the non- 
linear neture of the energy-storage elements, the satureble 
reactors. Since the analytic results, discussed in Chapter 


IV, do not confirm the experimental data for the variation 
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of (CT) with the carrler-clrcult parameters, some effect 
not taken inte account in the formulation of the syeten 
ecuations for the analytic study must be responsible for 
the disecrepaney between the tro. This discrepancy is 
attributed to the faet that the functional dependence of 
eore loss was neglected in esteblishing the analytio 
equations. The enslytie solution assumed the eddy-current 
and copper losses to be lumped into the resistance Ro, 
while hysteresis wes neglected entirely by using the normal 
magnetization curve as the functional relation between flux 
end magnetizing force. Although these asewnptions, as will 
be shown in Chapter IV, satisfy the steady-state solution 
and eorrectly desoribe the treneient effects of the sontroel 
cireult, they appear to misrepresent the transient effects 
which take plaee in the cerrier circuit, The relation of 
the core loss to the cerrier-circuit constents and excita- 
tien will be developed in order to point out the effects 
whieh were neglected. For symmetrical alterna tinge 
magnetization, eddy-current and hystereals loss cen be 
expressed by 

Po sz & fof = (3-22) 

Ph = Kp f, Bmax (3-23) 
where is the Steinmetz coefficient, ond ky and ks con- 
etants of proportionality. 

Ag discussed in Chapter Ii, these formulae do 


not necessarily hold for asymmetrical magnetization such 
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&e occurs in magnetierlly-bliased saturable reactors. In 
the absence of sere eccurete lose functions, these rele~- 
tions will be ssaumed to deseribe the total core lose whieh 
ia the sum of ite tro components 


Py sh 8 Bet hot Foes (5-25) 
From the induetion lew the following ecuation expresses 
the flux amplitude for peek sinusoidal Anduetion voltwge, E 

A 
Bmx * 5x (3-26) 
Eliminating the flux amplitude in Equation %25 by meana of 
the E,uation 3-26, the following expreanton for totel core 
loas Le obtained is uy 
Pes hy (Ge) sm, eapra) (3-27) 

where Ky and k, are constants of proportionality, This re- 
lation clearly shows that the squivalent core-logss reeister 
ids a function of the ecil tnduction voltege, the orrrie:x 
frequency, and the number of turns in the cerrier windings. 
Although the core logs in the experimental reectora has 
been minimized by erreful design, Lt Le atill eypprecteble 
ana is believed to be intimately releted to the effeat of 
the carrier olreuit upon the transient responge, and hence 
should be accounted for in the differentie]l ecuaticne of 
the system if the enslytic solution is to reveal these 
gerriemolrouLt transient effects. 

Before lecving this diseussion of transient ef- 


fects, the fact that (CT) meseured by opening the ewltah 
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in the control cireuit is somewhat less then meesured when 
Closing the switoh should be mentioned. This phenomenon 
occurs because the response envelope is not # simple exe 
ponential, but bulide up or decays ut & slower rate for 
lower values of control current. It, therefore, tekes a 
shorter time for the carrier envelope te fall through 63% 

of the total change than it does to rise through the seme 
percentage. This would explain the differences in “time off* 


end “time on" noted by Fitzgereid.} 





The practies1 value of the megnetic emplifiler for 
many applications depends upen ite ability to behave as a 
linesr amplifier in spite of the inherent nonlinearity of 
the circuit. A study of the frequency response of e@ system 
to a sinusoidal driving funetion ylelde information both as 
to the static and dynamic behavior of the syectem. Ans men- 
tioned eerlier in the chapter, Therkelesen pointed out that 
the moegnetic amplifier had a frequency response similar to 
that of a fireat order system. It will be the objective 
of this seoticn to investigate in grenter detxil the neture 
of the frequency response as a function of the various am 
plifier perametears, «nd from the study correlate the 
observed frequency cheracteriatics with observed tranaient 
behavior. The laboratory errangement for these frequency 
etudies was essentially the esame as that ueed for the 


measurement of the static charecteristics, with 


1. Fitagerald, 4.5., "Magnetic Amplifier Characteristics- 
Neutral Type," J.F.1., aii, (1B47), 11501435, 
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the exception that a sinusoidel voltage is epplied in series 
in the control elreuit, and ia thereby 





Cirect-current bieging level. This alterneting-signal volt- 
age was held constant end the eeplitude of the response was 
observed On Gh O#eillosascope. A typical modulation pattern 
obtained with a sinusoidal driving voltage ie shown in 
Figure 3-23(A). 

& few remarks will be made concerning the fre~ 
queney response of first-order lineer sysatene in order that 
&® gomparative etudy oan be made with the frequency response 
of the megnetic amplifier. The ainusoideal response of a 
first-order linear sytem ise cheracterized by the performance 
operator 


P — 
Pl = DS yewrten ao 


where 
(AR) « ratio of response amplitude 
to input exeitation amplitude, 
f s input exeitation frequency, 
(CT) = time sonatant 
@ xz phase angle of the response 


The reletion in Equation 3-28 can further be broken down ag 


[PF] - on Z¢ (3-29) 

where 
(AR) 2 Vie Parrot} (3-30) 
end 6 = tenn) [-20 t(cT)] (332) 
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Figure 3-23 enows emplitude ratio and phase angle se a 
function of the normalized inputeexcitetion frequency. 
The bandwidth of such a syatem is measured to the halfe 
power point where the response is down 34b. The frequency 
at which this ocaurs is the ocritiesl frequency, fo, snd is 
related to the time conetant by the relation 

(CT) s 1/2Tt, ( 3~ 32) 
The asymptote of the amplitude ratio et the high end of 
the frequency spectrup hae a negetive slope of 6 dh/octeve 
passing through the zero db line at the ericital freqency 
when plotted on semielogarithmic coordinates. The totel 
associated chenge of phase is ninety degrees. 

Ag seen from Figures 324 to 3-30, the magnetie 
euplifier has a frequency response which approximates a 
firsteorder linear system, aa can be observed by the initial 
flat characteristic and the ultimate slope of negative 
6 ab/octave, The fast thet the basic magnetic amplifier 
ig a firat-order system cen be asoertained by Inspection 
of the ecuetionsa, or by noting that only one energy storege 
ie involved. The important fect ie that linear behavior 
ie approximated. A plet of the transfer function of the 
magnetic amplifler on the complex plane is shown in Figure 
331. 

The effeet of the verious cireult paremetera on 
bandwidth hag been studied one at a time, and the observae 


tions plotted in Figures 3=24 to 38430 respectively. From 
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bandwidth measurements the cheraeterLetic tine wag computed 
using the iquetion 332. Logarithmic plote of these results 
were then prepared for beth ecntrel and onrrier-cireult 
paremeters, the former being shown in Figure 3-32 and the 
latter in Figure 3-73. As seen from the plote, (CT) was 
observed to be directly propertional to N,, and inversely 
proportional to §, and to the square-root of I,, tims con- 
firming the results obtained from the transient etudies. 

The effects enused by varlatione of the carrier~ 
cireult parameters, 2e obaerved by frequency response 
methods, are in general agreement with those obtained from 
transient studiee with some noticeable cevietion. The 
variation of (CT) with Eg and Np was identicel. ‘hereas 
tranelent studies geve the remlt thet (CT) depended very 
little upon fp, emi almost not st all on 2., sinugeidal 
studies showed thet (CT) varies directly with the one-third 
power of Ro end inversely ac fy. These differences are 
attributable to the fect that in the transient rtudies I, 
changes from zero to some Giserete value, whereas in the 
sinusoidal studies ty vwerles perlodicelly about e¢ conetent 
level. 

The results of the dynemic etudles, both transient 
end ginusoidsl steady-ste te, indicete thet in order te riden 
the bandwidth or shorten the cherncterietic time, it ie dee 
sirable to inerease Ry, Iy, fg, and Ng, and to decresae M, 
end Go. In any cane, fo would heave to be sufficiently high 
to cerry the intelligence as a modulated signel. 
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Summary 

The results of the experimental study of the basie 
nagnetie~-amplifier circuit reveal that a compromise must 
be made between gain and bandwidth. The adjustment of para- 
meters in a direction to increase the gain is seen to 
simultaneously nerrow the bandwidth. The design of a mag- 
netic amplifier to meet a given specification is based first 
upon the selection of the core material. Once the material 
has been chosen, exoerimental data can be taken on a model, 
end the design sesled to meet specific requirements. 

The carrier frequency is determined by the highest 
signel—frequency of interest. Amplifier bendwidth, suffi-~ 
ciently broad to pass the highest signal~frequency of 
interest, must be attained by increasing %, 11, and by de- 
creasing N,. The effects of Eg and Ro upon bandwidth 
appear to be small. To improve gain, however, exolusive 
of feedback techniques to be discussed later, Ry, 1,, and 
No must be decreaged, and M, and Ro ineressed. A compromise 
between gain and bandwidth is obviously necessary. The 
fact that the magnetic amplifier, despite its nonlinearity, 
can approximate a first-order system, offers possibilities 


in certain applications in which electronic amplifiers are 


currently used. 
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CHAPTER IV 
THE WATHEWATIGAL ANALYSIS OF THE MAGNETIC AMPLIFIER 
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The nonlinesr character of the normal megnetising 
curve of lron-cqored saturable reactors has lonz pleeed a 
restraint on rigorcus mathematicel analysia of megnetic ame 
plifiers. Since differential scuations Involving non- 
linearities do not yield to ordinary methods of solvtion, 

a rigorous approach te thia problem implies the uee of 
machine methods of solution. 

In the past, several aporeaches to the enalysis 
and aynthesis of the magnetic amplifier heave been under. 
taken. Eseh method recuires certelin approximations. The 
two mogt important of these acvcroseches are the linesre 
approximation technioue, besed on the division of the 
nomal megnetication curve into linear regions, * and the 
reactor dealgn technique developed at the Servomechaniams 
Leboratory at the Mecsechunetts Institute of Technology. = 

hash ef these techniques involves approxima tiongs 
whieh contribute to loss of riger in the solution. in 
apite of these limitations, these eappreaches to the problem 
have been used with some success tO predict and explain the 
steady-state performance cf tha magnetic amplifier. Unfer~ 
tunately, neither technique is readily edaptable to the 


1. Boyajian, 4., "Mnthematical Analysis of Monlineer Cireuits, * 
G.E.Rev., Bh, (1931), 531-539. 

2, Pease, ¥.%., “Design of a 00 Cycle Servomechaniam, " 
M.I.T. MS Theste (1943). 
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prediction of the dynamic performance of the magnetic am 
plifier. 

The use of the differential analyzer to solve 
the nonlinear differentiel equations of the megnetic empli- 
fier circuli has offered an original method of attacking 
this daportant problem. Since there 1s ne conetraint on 
the nonlinearity of the charecter of the equations, the use 
of the analyzer has permitted a rigeroua solution of the 
dynemic problem as well ag the steady-state problem. The 
pringlpal limitetion impoeed on the enalytieal solution is 
the neoesslty for neglecting hysteretic ang eddy~ourrent 
lesees in the ceres. If the cores used are of high quallty, 
the neglect of hysteresis and eddy-current losses, ag will 
be shown, ie of no great consequence in the static or 
steady-state aclution. The dynemic analytical solution 
will, however, sutfer if losees are not coneidered. The 
physical effeot of hysteretic losa in an iron-ecred coil 
under exeltation by fiuxes of two or more different free 
guencles has not been Tully explained, but in splte of this 
important fact, it wee possible te m@éke @ setl~quanti tative 
investigation of the effect of aysteresisa in the magnetic-e 
amplifier oireult. Ag hae been cGeseribed in Chapter ITI, 
end will be further coneidersed leter, hysteresis and eddy- 
current loss have « definite influenee on the dynamie 
performence of the emplifier 2¢ different exeltotion-flux 


values, and consequently, the neglect of these phenomena 


oa -_ 








mt ° 
De 


sini. acing ap tlinda eka 
aLiems Sitanpan sit Te mnoriaum Latvareyt3th yaant fons at 
pUsostin 1) sede Lepkeive as Orato ead Fore west 
ee Te ee ees ee ONY med aie 
owe 2 .puntsene: uk Ao eaewtinte ait, 
ett 0 sndielng Serttydn & Het tong o4t MputLane 
oot aa lepny eiterteery Wet vo Slee na aiden edn 
a) ModtWihe Laude YSaes AME aw dedinet? Medan MLL Semloming 
ANC~ yi? HA ME LN OLE Ne INO WO WesEennen add 
Oi tawp dd Yo wee bere eee a LA ewan ot ab weal 
he 48 imitad Smee ying See Alueedwy) 0 Fenty ae 
9 itn BAt nL genemmacey eee mi ie ak melee 
metiulce Omstyince dome adi abkielee edatewuete 
CE olewetianee 207 we eeeeed 34 se tawe covrewort hbde 
Tim) AOVQUES Ae 43 BAM) Citra ee le Ten Tiy Lede 
OTE FINES! Pe Me wee De gneusa Yo Madyy) teem mene 
O02 20 sidge OL te) peeededqns 9100) aul dap nad evlenenp 
OVENS owpadie | oun A Otelessi pe ak tee) Sow 
“Merja od Al RLem et 16 foydie pd bo onicage ered 
_ EE We get? 22 A cyOeRe reed est at dna teddligee 
<Tite ow slaemetog) oetel dete teceo eyipwt s¢ Liar ane 
clay MD ket eee, WAR Ee 8 ened perl Jemrcies 
eclI-onls a tcme Sree VIF oe ance thames oe To pcm tro 
ements A To FOVLRN OR «ALI ReinutIOD Om jwoltar 








a 
ae 

















102 


hes somevhat hampered the mathematical investigation of 
the effects of certain parameters on the time-regponse of 
the amplifier. Verietiong in moet of the oireult pare- 
netergs heve, however, been investigated satisfactorily by 


the anelytical epproach. 





An investigation of the effect of fundamental 
paraneters of the magnetic-amplifvier clrouit wae eatab- 
lished oe the primary purpose of the analytical study. 
Agcordingly, analyticcl Invectigations heave been conducted, 
on the begic magnetic-emplifier aireuit. The eclerifler- 
tion of the fundamental behevier of the @mplifler under 
the ection of the verieus perametere which influence this 
behevior is intended to establish eriteria which «111 then 
be applicsblie to the more complex magnetile~wamplifier 
Gireulte involving feedbaok. 

Vxperinentel studies of the begic magnetic am 
pllfler have indiierte? that the following circult narne 
meters influence the tranelent snd cteadyeetate performance 
of the emplifier: (1) Input-olreult resistanee, Ay, 

(2) Input-elreuit coll turns, §,, (3) Input-elreuit eur- 
rent, I,, (4) Outjut-olreult resietence, Rp, (5) Output 
eireuit coll turns, No, (6) Peek value of the output- 
cireult alternating voltage, Eo, and (7) Frequency, w , 
of the output-circeuLt slterneting-voltege. These pere- 


meters are further Identified in Figure 4-1. Anelytienl 
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FIG.4-1 BASIC MAGNETIC AMPLIFIER CIRCUIT 


Ni 
= f (Ni) 
Ni= F(Q) 


FIG.4¢—2 NON-LINEAR RELATIONSHIP BETWEEN FLUX 
AND MAGNETIZING FORCE. 
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studies are conducted Ln @ Manner designed to indioente the 
effects of theee peraneters. 

The analytical transient response of the negnetic 
amplifier is studied through the medium of a step funetion 
applied to the (nput cireuit. Talis step funotion is applied 
68 a volwige, @,, scross the input terminals of the ampli- 
flier. The applied atep voltage cuuses a current, Li» ta 
flow in the input elrcuit, and a current, lo, to flew in 
the output circuit. in each onse solved by the differential 
analyzer, the eclution 1s eerrled through the transient 
period until eteadyestate conditions ere resehed. ‘The 
even-hermonic currents, 44, whieh flow in the input eireuit, 
end the edd-harmonies currents, dos whien flew in the eutput 
circult, were recorded for each solution of the problem. 

The rate of wulldup of current in the output olreult during 
the tranalent estate establishes the cheracteristie time ef 
the omplifier cireuilt for seech goncdition observed. Ag ene 
the osge ia the experimental studies deseribed in Chapter 
Iii, the cheracteristio time of the ampllfler ia é¢efined as 
the time required far the output current te reach 63% of 
its gteedy~state value efter the application of the step 
funetion input. 

in guimary, then, the vailueg of 1), io and eherec- 
teristic tine, (CT), were obeerved rer atep function= input 
varilatione of 6, for verlous comiltions en the persnetere 
“yr hs “2, Ag, Bo, andw. Winer deviations from this 


prooedure will be dlecusgsec subsemently. 
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The equations uged in the enalytical solution 
are posed upon the cireult of Figure 4-1, énd the non- 
linear function of Figure 4-2. In Figure "1, the flux 
in Gore 1 4s defined as #, while the flux in Core ? is 
defined as fo. The poaitive direotions of these fluxes 
are shown by the arrows on the figure. tisilerly, the 
positive direstiens of the currents i, end i, are indig 
eeted by errews. The remaining paremetere of this cireult 
have been identified. Vigure i-~2 is a sketeh of the 
normel mernetizetion curve of the core meterial used in 
the eatudy. This figure is based on emplricel data which 
wes menagured as deseribed in Ghapter TI. In the figure, 
the flux in the cores, J, in webers, is plotted against 
the meenetizing foree, Ni, expreseed in ampere-turng. The 
etudies were conducted using the MKS system of units with 
ll velteges expressed in volts, #11 currents expressed in 
amperes, resistances expressed in ohms, and time expressed 
in seconds. 

From the cireuit of Figure 4-1, it ia possible 
to write the ecullibrium equations of the ecystem on the 
loop hesis for the input and output clreults, respectively: 


e = “ iy + Mw, “ (ho) 
eg = Np tg + Nig Bl ang ae (M2) 


From Figureste] and 4-2, the relationships between 
flux ond magnetizing forne are established: 
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g = t (Ni) (4.3) 
Nis F (8) (hott) 
f= £ (Mp ig + My 4) (MF ) 
fpe f (lg tg - Ny 44) (46) 


Bountiona in] and 4-2 are next manipulated as 


shown in the following series of expressicns: 


mo heh Ge - ls 
ee ~ io thy x Nis ( + 7 ( Maw Y 


if Keuation “<7 is divided by Ny, and cua tion 
ef is divided by No, the expressions may be atded end 
subtracted to yield Kcustions 4={9 and 410 ranpectively: 


@) ~ 4) 4 82 - 4g Hp 


1 7 4 Ry eg = te Re ai 


OF 


* 


apy a» de @ @ = in Bi 
4 re — “8 Say 24 4 (hand) 
dey a. 


ct 


aa - i (see = (mo a My (Nn?) 
: R My 


integreting quations 411 and 4-12 with respect 
to time, and combining these expressions with guations M5 
end eG, giver: 
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. 
A af (Wg ie + Mm 4) = @p- ig Rp oy = Ay 
2ST : le 
413) 


1) a 


(leh) 
By epplying E,uation +=} te Equations 4-13 and 
hoi}, the following expressions which define the behavior 


Bo 2 f (No ip - My 44) 3 f [age 





of the magnetic amplifier are obtained! 


meMeteom aa fh f [epee a) ash 


(lei 5} 
= - + f = fe Re 2. 
es re — a ame 


In Gquations 4-15 and 4-16, the functions H, and 
Hy are defined for convenience in the differential analyzer 
solution. From these expreesions, it is new possible to 
define 4) and i, in terms of A, and H,: 


45 =a (417) 


i» = + i 
2s My + Re (ho18) 
2a 
Recalling that the input voltage is applied as a 


step function, and that the output voltege is sinusoidal, 

the following equations are written: 
® = m Ut) (Yn 9) 
@o = Go sin Wat (0 20) 
Te differential analyzer problem is foraulated 

from Equations 4-15 through 420 inelusive. 
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The M.I.7. Differential Analyzer No. 1 was em 
ployed for the solution of the equations of the magnetic 
emplifier. The operstion of this machine is totally 
mechenitcel, in that all process of integration, addition 
and subtrection, multiplication, the genermtion and 
intreduction of functions, and the recording of results, 
ere aoacomplished by mechanicel means. The machine has 
been described in detail in the literature’’® ana no ture 
ther deseription will be attempted in this report. 
Similarly, the nature of the development of seale factors 
for use on this analyzer hae been discussed in detail, and 
will not be dealt with further here. The reader is re~ 
ferred to the references given for further study of the 
analyzer and for further underatending ef the method by 
whieh the seale factors were established for this problem. 
After the equationa of the problem have been 
formulated, limite over which the various paremeters of 
the eauations may be expected to vary are established. 
The knowledge of these limits permits the seleetion of 
senile factors which will allow the greatest flexibility 
of the parsmeters with minimum requisite changes in the 
layout of the machine. A echematic diagram of the 





analyzer layout is then constructed. Gear boxes, differ- 
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Le 7 hs Differential Analyzer," J.F.1., 212, 
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2, ¥. aie ‘cairo, "2 New Differential 
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ential units and integrator units are previded to per- 
form the negeseary functions of the equations. Seale 
factors are then eateblished to meet the conditions of 
the equations and thece fectors are fitted te a schematic 
Giagrem. The selection of seale factors is restricted 
somewhat by the actual gear-ratios available, but, in 
general, there ia sufficient flexibility that seale fre- 
tors may be chosen in a manner which very closely approxi- 
mates any desired physicel condition. Figure 4-3 shows 
the actuel sohematic clagrem which was made for the 
initial problem applied te the machine in this study. 
in this figure, integrators are identified by number, 
aifferentials are identified by number, and gear boxes 
are identified by letters. In this problem, the sinusoidal 
voltage of the output cireult, Bo, is generated by in~ 
tegrators Mo. 3 and 4, The fluxes in each core are 
integrated in aceordance with equations (15) and (16) in 
integrator units Mo, 1 and 2. The nonlinear relationship 
between flux and megnetizing force 1s inserted by the 
manually-operated input tables No. 1 end 2, and the re 
sultant currents, 1, ond lo, are plotted on the output 
table. The step voltage, @,, 16 applied te the lead 
screws of the integrators No. 1 and 2. 

fhe problem shown in Figure 4-3 represents the 
conditions which obtained during Runs 1-13 inclusive of 
the anelyzer study. The actual values of the peremeters 
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FIG. 4-3. SCHEMATIC DRAWING AND SCALE 
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for these rune are tabilated on Chert 4-1. On this 
chart the paremeters and the seale factors, as well as 
the gear ratios which provide the soale factors, are 
tabulated for each solution of the equations. The seale 
fectors, and the meena by which these vere obteined, are 
ahowm on Figure 4-3, and may be correlated with the tebu- 
lated data of Chart 4-1. 

After the schematic diagrem and the eeale fae- 
tore have been determined, it is neceesary to formulate 
the actual layout of the problew on the differential 
enelyzer. This phase is subjeot to limitations on the 
physieal positioning of the various problem components 
within the machine structure. In the layout used for 
this problem, @ special effort was made to provide a maxi- 
mum of flexibility to permit the varietion of the several 
parameters with a minimum of required chengea of the pew 
tual physioal leyout. ith thie objective in mind, an 
effort was made to anticipate chengea in seele facters 
oconsioned by the parameter changes, and wherever possible, 
ecditional gear ratios were set up in the gear boxes, and 
these were left disconnected except when ectually in use. 
Gonsiderable saving in time ia enabled by a proceedure of 
this type. The physieal layout of the differential 
analyzer for the problems shown in the schematic drawing 
of Figure 4~3, Runs 1-13, is shown in Figure 4-l, Chenges 
in the layout for the remaining solutions are tabulated on 
Charts +=] and 4.2, 
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tions, Limite tions, and Yaift: 

Ag has been stated, the effects of eday-ourrent 
and hysteresis losses heave been neglected in this study. 
For all observations of parametric varistions in the input 
eireuit, the neglect of the losses in the core has imposed 
no serious limitation. The nature of the effect of eddy- 
eurrent end hysteresia loss on the dynemic behavior of the 
amplifier when the outpute-elreuit parameters are varied 
will be disoussed. 

The magnetic smplifiler has an inherently long 





time-response. the neture of this long response requires 
that a large number of cyeles of the fundamental applied 
voltage must occur before the finel steedy-state condi- 
tions are reached. When the aifferential analyzer is 
operated through o large number of cycles, the cumulative 
error resulting from the backlash in the many gears in the 
system oan be of serious consequence, and may céusse cone 
sidereble error in the output ef the machine, Further. 
more, in the machine solution of the simultaneous 
ecuationepair used in thie problem, the cumulative error 
in the mechanical cireult which operates basleally on 
ene equation of the pair may be greatly in variance with 
the cumulative error whieh oullds up in the eireult which 
eperates primarily on the other equetion. The accurecy 
of the solution will be seriously impaired when there is 
a definite unbalance in the mechanical error arising in 
Gifferent sections of the machine. 
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The mecheniocal differential enalyzer ie pro- 
vided with frontlaeh units which are Aneerted judiciously 
in the layout in @ manner designed tc compensete for the 
errors whieh reault from beaoklash over @ period of many 
eyeles of operation, A totel of seven frontlach units, 
as shown itn Figure 4<, were employed in this problem. 
The edjustment of theses units to compensate for the beck- 
lash errors is accomplished mainly by trisleand-error, 
end requires a great deal of ski11]1 which, it seems, is 
aequired mainly by practice. The adjustment of error 
compensation was perhaps the lergest single diffieulty 
encountered by the authors in their work on the differ 
ential analyzer. The initial adjuetment of the machine 
required a great deal of time end some rather subetantial 
rearrangement of components te minimize baekiagh. Each 
tine the elLreult parameters were changed with resultant 
changes in the sesle factors and, of course, in the gears 
and geareratios in the syatem, it was neseassary to ree 
adjust the frontlesh unite. The time reguired to re 
adjust the compensating unite seems te be an inverse 
function of the experience of the operators. Actually, 
the later adjustments were made quite readily and with a 
minimwn loes in time. In general, however, sinee the 
machine was required to operate through many cyoles, the 
adjustment of frontiash units was found to be very eriti-~- 
cal and extremely important in cbtalning accurate, preelse 


solutions. 
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Before the analytical problem wae formulated, ex- 
perimental work hed shown that the characteristic time of 
the magnetic amplifier is an inverse function of the input- 
circuit resistance, %. in order to keep the number of 
eycles through which the machine was required to operete 
et @ minimum, most of the analyticel observations were 
made with a large value of the input-elireult resistance. 
The exception to this condition wes a set of observations 
which were made to determine the effeet of BR, on the 
dynemic and ateady-state operetion of the analyzer for 
siheller values of the input resistance. It has been 
pointed out in Ghapter III thet the gain of the amplifier 
La inversely proportional to tne input~-circuit resistance. 
Sines the value of iy used in the analytical study was 
quite large, many of the observa tions mede on the differ~ 
ential analyzer were made under conditions in which the 
power-gain of the emplifier was less than unity. Actually, 
this eituation Lapesed no limitetion whatever on the vorth 
of the observations made, and mention of this condition is 
made here only to justify the choice of a large value of 
laput resistance as imposed by mechenicsl considerations 
of the differentiel-~analyzer performance. 

Tae nonlinear relationship between the flux in 
the cores and the applied magnetizing foree was ineerted 
vy two input tebles. The input functions, drawn to seale, 
are shown in Figure 4-5. Thies eurve, of course, represents 


the normal magnetization curve of the core material, and 
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the unconventional coordinates of the plot wera necessi- 
tated by the mechanical layout of the machine. Recalling 
that the coordinates are rotated 90°, reference to Figure 
U5 will show thet the initiel slope, 1.¢e., the retio of 
flux to ampere-turns, 1s very great. Mechanically, the 
abcisses of this function were inserted by the analyzer, 
while the crdinates were inserted manually by the oper 
ators. In practice, 1t was found that the errors intro- 
duced by backlash in the geare when the ordinates were 
nanually intreduced were greater than the changes in 
magnetizing force introduced by following the ourve, and 
it was therefore necessary to assume an infinite lnitial 
slope of the magnetization curve in order to avoid the 
effect of backlash when small input magnetizing forces 
were applied. Coneequently, the initial slope of the curve 
wag eesumed infinite (actually zero, as viewed on Figure 
4o5): the initial permeability and inductance were then 
infinite. The slope wae assumed infinite until the flux 
reaghea a value of 4 x 107? webers, after which the em 
pirical eurve of the normal megnetization of the core 
material was followed. This approximation actually imposes 
no great limitation on the solutions observed. It ig 
clear from Figure 4-5 that the changes in magnetizing force 
are very minute over the range from the origin to the value 
of flux mentioned. | 

It has been shown in the disoussions of empirical 
results in Chapter Iii that the output ampere~-turns over 
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the normal range of the amplifier or modulation character 
istic are very nearly equal to the input ampere-turns. 
Reference to Equation 4-16 will then indicate another 
rather serious limitation for the mechanical solution, 
namely, the mesxsurement of the small difference: 

Ni, - Azle 
between two relatively large quantities. Again, the 
necessity for esreful error compensation ia implied by 
the nature of the equations to be solved. 

It has been the purpose of this section of the 
report to emphasize the nature of the difficulties anti- 
olpated and encountered in solution of the analytical 
equations of the differential anelyzer, and to describe 
the methods used to minimize these difficulties. 


Nature of the Analytical Solutions 
Gonditions for the various analytical problems 


were formulated to closely simulate conditions existent 
during experimentel observetions. In the oase of transient 
analytiesl observations, actual oscilloseepic photographs 
of equivalent experimental situations were made. Through- 
out the satudy, all anslytical solutions were matched by a 
series of experimental observations in whish ciroult eon- 
ditions were mie ag nearly identical aa possible. The 
results of #11 analytical observationa are tabulated in 
Charts 4~3 and 44, 

Aq has been stated, the currents i, and ip which 
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flow in the input and output clrouits of the amplifier 
respectively, were plotted as outputs of the differential 
analyzer. The magnitudes of these currents were obtained 
by integrating the aree under the curves by use of a 
planimeter, and then computing the values of the currente 
by applicetion of the proper scale factors. Actually, the 
average value of the second-harmonic alternating surrent in 
the input circuit, dys ie equal to the value of current 
applied to the olrcult when the step voltege is connected 
to the input-clreuit terminalis. Stated ina different 
manner? the average value of 4, is equal to 1,, which is 
equal to the magnitude of the step voltege divided by the 
total input-cireuit resistance. The comverison of values 
obtained by planimetrio integretion and values obteined by 
division are shown in Charts 4~3 and 4-4, Ag will be 
noticed, agreement is quite gocd. 

Figure +6 is a tracing of en actual solution 
plotted by the differential analyzer aftar steady-stete 
conditions were reeched. The nature of the odd-harmonte 
composition of the output-cireult current, io, is apparent 
in this figure. Gimllarly, the even-harwonic composition 
of the input-clroult current, 1,, 16 shown by the nature of 
the tracing. For comparison with the eurves of Figure 4-6, 
aetual photographe of the face of & cathode-ray oscilllogreph 
are shown in Figures 4-7 and 6. It should be emphasized 
that the photographa of Figure 4-7 are net shown to scale. 
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Figure 4-7(e) shows the flow of current in the output oir- 
euit when the input current is zero. The square weve 
obtained ig due almost wholly to the effects of hysteresia 
which have been neglected in the analyzer aolution. The 
frequency of the square wave is thet of the applied alter-~ 
nating flux. Ae the input current ingreases to a emall 
value, small peaks appear on the output-current waveform 
when the flux exeureicns begin to extend into the knee of 
the magnetization curve. This effeet is shown on Figure 
4.7(b). A further slight increase in input current yields 
the waveform of Figure 4-7(¢e). When the input current Le 
increased to a larger value and flux excursions extend 
well inte the knee, as shown in Figure 4~7(4), the hysteresis 
current becomes 8 reletively amall portion of the total 
weveform, and the overall effect is merely to cause a 
slight difference in the levels of the shoulders of the 
output waveform. Figure 4~7(4) is analogoua to the dif- 
ferential anelyzer output-wave shown in Figure 4-6. The 
dissyametry of the levels of the shoulders does not, of 
course, appear in the snalytical solution because hysteresis 
was neglected. If the input current is made sufficiently 
great, the flux excursion in one core of the amplifier may 
exten above the knee of the magnetization curve et the 
same time the flux excursion in the other core is also on 


the knee. Under these conditions, the output waveform ie 
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shaped ae shown in Figure 4-7(e). ‘The shoulder hes vir-~ 
tually disappeared, because there le ne period in the 
cycle when current ceases to flow becauce the fluxea in 
each core are simultaneously passing over the knee of the 
magnetization curve. 

The path of the flux and magnetizing ferce in an 
iron core ia, of course, affected by the presence of the 
hysteresis loop. Sines the nuaber of loops formed by 
hysteresis is infinite, it is difficult to determine the 
proper value of the loop path to follow when the value of 
the flux versus magnetizing-foree function is applied 
manuslly ag 4n input to the differential analyzer, It was 
considered, however, very importent to observe, if possible, 
the effecia of hysteresis on the analytical waveform, and 
consequently, the particular member of the hysteresis Loop 
family shown for 4750 Alloy in Figure 2-7 was utilized as 
an input to the differential analyzer for several solutions. 
The observed effect was, of course, qualitative, sines it 
has been pointed cut that an infinite nusber of leaps will 
actually exist, but it is extremely significant to note 
that output=-current curves exagtly similar to the experi- 
mental waveforma of Figure 4-7 were obtained through the 
simulated hysteresis method. It may then be stated thet 
much of the current which flowe in the output cilreult when 
the input—circuit current is gero is due to hysteresia. 
Furthermore, the difference in levels of the shoulders of 
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of the output waveforme is definitely attributable to 
hysteresis effect, and not to unbalance in the cores, as 
was previously thought. it ia questionable whether these 
atatements could have been wade without the aid of the 
differential analyzer observations. 





Figure 4~6(b) shows a tracing of an analytica! 
solution of the second<harmonie input-cirouit current, dy. 
Similar oscilloscope photographs are shown in Figure 48. 
It ie worth noticing that juet es the shoulders disappear 
from the output current weveform when the input current 
becomes large, so do the flat portions disap;ear from the 
lower portiona of the input-oircult current waveform when 
the input circuit current becomes greater. This effeet may 
be seen by comparing Figure 4-S(a), which was made for the 
eonditions which prevailed fer the analytical selution 
shown in Figure 4-~6(b), with the waveform of Figure 4=(b), 
which was made for a somewhat larger input current. The 
Gisappearance of these flat portions is attributed te the 
eame reason given for disappearance of the shoulders of 
the output-olrcult waveform, namely: there is neo time in 
the eycle during which the flux excursions in the two cores 
are simultaneously on the linear portion of the magnetiza- 
tion curve. 

A tracing of the buildup of outpute-cireult eur 
rent, io, as produced by @ solution of the differential 
analyzer, 1s shown in Figure 4-9(a). The nature of the 
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defined characteristic time has been discussed previously, 
and ie shown pioterially en this figure. Figure 4~9(b) is 
2 drawing made from an oselllessopic photograph of the out- 
put eurrent of the amplifier when the conditions of opera- 
tion were identical to those shown on the enalytical solution. 
The effect of hysteresis le apyerent in the practical case, 
and the definiticn of chureeteristitic time for the practical 
caee is apperent frem the drawing. It is cleer from Figure 
heG(e) that initially, since infinite permesbility was as- 
sumed, and since hysteresis was neglected, there is no flew 
of current. <A waveform identical te the analytieal waveform 
of Figure 4~9(a8) cen be simulated experimentally if the 
input current is made very lerge; thie regults in sush a 
lerge output current thet the hysteresis current is negli- 
@ivle by comparison, and the fiat line shewn initially in 
Figure 4-9(8) for an analytical solution can be very neatly 


shown on the escilloseepe fer an experimental situstion. 





There ie 8 certain intangible benefit that may 
be obtained from working with the mechanical differential 
anelyzer thet is difficult to describe. The effeot iz 
related somewhat to an intuitive feeling that ts aequired 
while actually observing mechanical parte operate on the 
differential equations, and thie intuitive feeling is of 
value in understanding the actual dehevior of the physical 


eclirevit which is represented by the motion of mechanical 
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“32 
parts. This “intangible benefit, so-called, does not 
appear in the tabuleted solutions of the analyzer problem, 
and seems to depend prinolpally on actually observing the 
behavior of the various integrators, differentials, gears, 
and input tebles, as the problem 1s carried through. It 
was this type of observation whieh led to an avpreciation 
of the theoretical behavior of the magnetic emplifier un- 
der transient conditions. 

Since initial permeabllity was assumed to be 
infinite and hysteresis was negleoted, no current flows 
in the input circuit imnediately after the application of 
the step voltage to the input terminals, unless the initial 
flux applied to the cores 1a sufficiently great to cause 
excursions above the break of the knee of the magnetization 
eurve. Under these conditions of zero initisl current 
flow in the input circuit, there is, of course, no current 
flow in the output circuit. When the step voltage Le ape 
plied, the flux in each core begina to be blased outward 
toward the region of the knee. Once the flux exeursion 
extendas into the knee, current begins to flow in beth the 
Input and output clreults; these currents contribute nen- 
linearly te the further buildup of flux, in saesordence with 
Equations 4-15 and 4-16, and it becomes difficult to reasen 
the behavior from phyaical concepts after current flow atarts, 
because of the nonlinear nature of the equations. During the 


interval of time, however, before the flux excurslons extend 
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inte the knee, the theoretieal system, since infinite 
initial permenbllity was assumed, behaves as a linear 
system and linenr concepts ere spplicsble. This fact was 
firat reeognized while actually observing the beh®vior of 
the differential enalyzer, snd vrobsbly would not heve 
peen recognized from experimental observations selene. In 
many oxeesn of magnetic-emplifiler operation, the original 
buildup of flux consumes a large portion of the totel 
cherecteristic time, and, therefore, 12 of importance when 
considerations of the transient behevior of the theoretical 
anplifier are made. The time of flux-bies buildup, t, ie 
defined es the time after the epplication of the voltage 
step-funetion to the input terminals until eurrent begins 
to flow in thea output and input circuits. 

The development of the equation which defines 
flux buildup in the theoretical oase followe. It is first 
Necessary to define certain quantities, and in each cease 
the defined ouantities refer te only e single core of the 
megnetiec amplifier core-pair. It is possible te deal with 
a single core because the rise in d-e flux is identieal 
in exch core of an amplifier, although the directions of 
rise are opposite in phase. Let 


ac = OGpplied direet flux as supplied by the 
daput circuit. 


$, js the value of flux at which permec bility 
becomés finite, 1.e., the velue of flux 
required to sause flow of currenta. 
Designated as saturation flux. 
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B, = the peak value of the applied alternating 
flux as supplied by the output cireulit. 


NM, Hy, Me, ke ~ vefined as previously. 
Bince permeability waa initially assumed to be infinite in 
the theoretical case, there is, as has been pointed out, 
no initial flew of eurrent in the output circuit. Gonse-~ 
quently, the total alternating voltage applied to the 
output circuit appears across the reactor system, and half 
of this voltage appears across a single reactor. Similarly, 
no current flows initially in tne input circuit, and half 
of the total applied step voltege eppears acrose the control 
colls of a single reactor. dn order to establish the tine 
of bias building, the applied flux, Pag? Rust equal the 
difference between the value of flux required for flew of 
current and the peak magnitude of the applied alternating 
flux. Thie ie the flua required bias the alterneting 
flux to a position sufficiently high thet petk exeursicns 
extent into the nonlinear region of the mgnetizetion curve 


Guring some portion of the eycle. Therefore 


Yae a fg - Py ( ne 23 ) 
By the law of induetion 
fa-dl ea (linza) 


Thus, from Kguations 4-19 and 4-22 


he 
Pag = ol, t (4.23) 
and gimilerly, from Equations 4-22 and 4—20 (which assume 
@& sinusoidal flux in the output cireuit): 
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- “E65 
Pp = 4 (4-24) 


In each cise the fucteor of 2 appesring in the denowinater 
is made necessary beouuse only one Gcil of the pair isa 
under considerstion. By combining Equations 4-21, 4-23 
end 42+, the following expression is werk ina 


Pan = Og - Bp = a t= ff, ~ a. (4~25 ) 


| * iy ~ [y, - > | (hn2G) 


Equation 4-26 has been ehecked analyticelly for #11 ef the 
aifferentiel anelyzer solutione and egreement hes been 
found to be excellent. %, 18 found empirically from the 
mos.sured magnetizetion curve, and in this problem, in ac- 
cordence with Figure 4-5, J. wis found to equal 4 x 107 
webers, The value of Equation 4—26 will become sore sp- 
perent later in this chapter. 
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The experimentel behavior of the magnetic amp1li- 
fier has been exepined quite thoroughly in Chapter Til. 
The remainder of Chapter IV will be devoted to (1) presen- 
tation of analytiesi results, end (2) correlation of the 
experimental results with the analytieal resulte which 
were obtained through use of the differential enalyzer. 

Throughout this report, all conelderetions of 
the steady-state cheracteristios of the magnetic amplifier 
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have been besed upon consideration of the module tion 


eharecteristic of the segnetio smplifier. Thie approach 
has been continued in the analytical] studies. 

In Figure 4-10, modulation cherocteriatles for 
experimental end enelyticel observations sre plotted. 
The circuit parameters for these observations ware iden- 
tisal for eameh cage. It will be noticed from Figure 
4210 that the modulation cheracteristio observed experi~ 
mentally lies above the analytical charecterietic by a 
constant value cf apereximately 2 ampere-turns. The fact 
thet the average valuo of the output smpere-turns is 
larger by & constant factor in the experiments!) case is 
direotly attributed to two fectores: (1) the faet that 
infinite initial-permesbility wae assumed in the theoreti- 
cal ease while in the practic#l] cage the initiel permeadil- 
ity 1s not infinite end seme current will surely flew in 
the output olrcuit, amd (2) the more importent fact that 
nysteresis end ediy~current lossea were neglected in the 
theoretionl cose while in the practical cas# it hes been 
pointed out thet the initiel hyeteresis current is of a 
definitely meassumble magnitude. Sines marsured megneti- 
zation cheracteriatioa for the cores employed have indicated 
that the initinl permeability, while certainly not approach- 
ing infinity, is very greet, the sseumption of infinite 
initial permeability in the anelyticel cage le construed 
to be of less importance than the neglect of hysteresis in 
the anelyzer problem, and, therefore, the major part of 
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the variation betwesn obeerved and enalytical cases is 
assigned to hysteretie eifecte. Ae is show in Figure 
410, the neglect of hysteresis hes not had & marked 
derogetory effect on the aualyticel eterdy-etate wolution 
and the error introduced 168 constant anc aova not affect 
the usefulness of the theoretiosl observations. Ina fur~ 
ther disguasions of the effects of the various parame ters 
on the anslyticn] moduletion characteristics, the observed 
variations from experimental cenditions whish result from 
neglect of losses are expotiy similar to the veriation 
shown in Figure 4-10. It may be stated that the neglect 
Of losses and the seeumption of infinite initial per- 
meabllity in the analytical solutions have not usterially 
affected the value of the date obtained from these solu- 
tions, insofar ae the steady-state modulation cheractexr 
istics are coneerned., 

The disousslon of the steady-state and transient 
responee of the anulytioal amplifier is bast civisved into 
Gisdussiona of the inpute-circull purameters ance of the 
output-circult pereweters. The modulation oho rec teri sties 
obtained anralyticblly will be diseussed in theee two ce te~ 
gories. 

(a) The Bffeets of Input Cireult /epemeters on the Modula- 

tion Cheresterietic --- The reader will recall thet all 
output currents were measured vith a plenimeter and thence 
culeulated by the @Qgylication of sesle feetore. Since the 


planimeter is not 4 precise instrument, it ia sonoeivable 
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that errors Bay be present 1a some sedsurseents which my 
oause inconsistencies in She results. In general, these 
inconsistencies have been relatively unimportant. 

The meesured enplytiesi modulation-~clureoteriatie 
showing the effect of the inmit-elrcult resistence, mL, is 
shown on Figure 411. It will be notiesd on this figure 
that the effect of A, on the analytical modulation charac- 
terietic isa virtually negligible, aa would be espeoted 
from the form of the suustions, becuse it is the input 
circuit current, which determines the magnitude of the 
current flowing in thé output cirouit. In the enalyties1 
studies, the magnitude of the input € tep-voltege wea ad~ 
justed aa Ay wae varied, such that the input current wa 
maintained at @n eyuivelent level for the verious observa~ 
tions of the effeetse of different values of Hy. It may be 
eoneluded, therefore, that in accordance with both enalyti- 
o&4l and experimenté#] obeervetions, the input ciroult resiet- 
enoe does not weterielly effeet the shape of the wcdulation 
eharacteristio as long 4@ the input current le seintained 
unaffected by changes in thig resistance. If the input cur- 
rent 16 to be unaffected by Ghanges in 4, changes in the 
magnitude cf the input step-veltawe are implied. 

The effeet of the number of turns on the input 
coile of the agplifier is shown by the moculetion cheracter~ 
istice of Figure 12. The bending and crog@s-over of the 
characteristic at 1000 turns ie attributed to inaccuracy of 
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of measurement with the planimeter st the lower voluss of 
input current. Agtuelly, thie charécteriatic would be ex- 
pected to be siailer to these shown st 2540 turns and et 
3600 turns. The moduletion charseterieticn cow plotved in 
ampere-turns el, therefore, the chorecterletics for the 
lover velues of M, actumlly repuire lorger values of input 
currents to prodwee the seme emount of superme-turns in the 
output eireult. It le therefore oeppmreant tet the inet 
power required to produce a given ampe ce-turn output is 
greater when the input turns are decrecend bechuge lerger 
input-eurrents @re required, The ene@lytics] effect of the 
input turne on the modulation characterlatie, «a exzpreseed 
in empere-turne, ie virtuelly negligible, ent this cbhserva- 
tion is in sgreement with exprri@ental investignetions. 
(») The Offecte of the Output Circuit Peomemeters on the 
Woduletion Cherecteriatic -~-- The exverisentel effeet 
of the cutput~-elroult resietance, He, which le lengely 
composed of the system-loed resiatence, hae been considered 
in detail in Chapter Ill. Ae exple@ined previguely, the 
manner in which the loed reelistence effecta etetic bahevior 
ie contingent upon simul taneous Magnetic effects ans slee~ 
trical effecta in the output circuit. The flattening of 
the modulation cheracteristie in the higher rengee of input 
ampere-turns fer lerge Vaines of Hp tee been «xploined on 
the besis of the voltage diatributien in the ocerrier cireuit 
6nd will not be consi¢ered furthor #t thio tige, Figure 4-13 
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shows the enalytically observed effwot of the outpu 
resistanse on the modulation oharacteristic, Mot 

Set sins We Yay Welle Gow Sin bie tine hatin 
hea commenced Uo fall off end tho affrot of eeturation of 
the moduletion chericteristic is vreoking syparent. The 
other velues of Rp, Weing of lower mr gnibwe, so not exhibat 
this effect within thé renge of the oberervetions w\loh were 
made. The venevior of the @nalytices] scircult if again 





enslogous to the oxperimentelly-observel behavior eni tends 
to confirm the conclusions Mode previquely with ragerd to 
the neturn of the effeet of incressing wlune of lood ree 
eiletence on th® static behavior of the maplifier. 

Similerly, the notwre of the anelytienlly-cobserved 
effeate of thé varletion of the cutgut-cirvemit turne cen~ 
firms the observations end conclugiona drawn from experimental 
evitence im the previcus chapter. The wnelyticel réeeults 
for turns Variations in the output ci:ault are ahown tin 
Figure ‘-14, Ae m6 the cace experimentally, the.# i¢@ no 
definite trend of the effect. A dafinite flattening of 
the modulation charecteristic occurs when the Mo le reduced 
to the velue of 500 turne per coll, and oomparison of this 
recult with Figure 3-10, in Which é@lwiler cherseterieties 
are plotted for eigiler parteeters, will aoe the kerked 
Giwile rity between Sn®iytical end experimentel]l olLéarvetiong. 
Sa woe the o@en empirically, #@ dowv the enalyticsal solu 


tion indicate on optiaus wilue of No for waximum «mpere~ 
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turn sensitivity of the amplifier. The semi-quantitative 
procedure for optimizing No was discussed in Chapter III. 
The peak velue of alternating flux in a single 
core was defined by Ejuation 424, It hae been pointed 
out that if the peek value of this flux exeeeds the satur~ 
ation flux, a current will flow in the output circuit al- 
though the applied input cireuit current 12 zero. Analyti- 
cally, because of scale factor limitations on the differ 
ential analyzer, it was not practicable to decrease either 
the secondary turns, Nog, or the alternating frequency, 09, 
sufficiently to obtain fluxes of adequate magnitude to ex 
eeed the eaturation flux at the peak value of the alternating 
flux. A simple computation made from B,uation 4-24 will 
indicate thet if 6, ie 4 x 107? webers, Np 18 1000 turns 
and frequency is 400 eps., a peak voltage of 102.4 volts 
per eoil, or approximately 205 volts total supplied to the 
secondary circuit, 1s required to produce an alternating 
flux sufficient to exeeed the velue of $,. The differential 
analyzer was readily adapted to produce an alternating 


voltage of 300 volts peak amplitude, and the resulte of the 
observations mede with this voltage are plotted on Figure 
415, ‘The output ampere-turns are noted to exeeed 16 when 
the input current is zero. For various reasons, which 
have been discussed previously in this report and in detail 
in the Lisewetend,” the presence of a large initial output 
eurrent lea highly undesirable, and it is, therefore, essen- 


1. Fitzgerald, A.3., “Magnetic Amplifier Circuits,* J.F.I. 
24, (1947), 29-263. , 
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tial that the flux excursions of the output cirouit be re~ 
stricted to lees than 9%, if the effect of large initial 
outpute-cireult ourrents 1s to be minimized. Limitations 

of the yvoltage-genersting and amplifying equipment availeble 
in the laboratory mede it diffieult to create an experi- 
mental situation having the seme ciroult parameters usea€ in 
the analytical observation at 300 volts, and again, the value 
of the machine solution in observing the fundamental be- 
havier of the circuit le apparent. 


the Elmen theory regarding the nature of hysteresis 
less in Lron-cored reactors under excitation at more than cne 
frequency has been discussed previously. The theory has 
been further confirmed by analytical eatudiee of the transient 
behavior of the magnetic amplifier. In review, the Elmen 
theory states thet 1f a core ia exoited at seperate circuits 
in which the frequencies of the alternating parameters are 
a.fferent, the major portion of hysteresis loss is supplied 
by the higher frequency source. In accordance with this 
hypothesis, the effect of hystereais loss would be expected 
to be more pronounced in the cutput circuit than in the 
input cireuit cf the magnetic amplifier. Such is, indeed, 
the case. Analyticaily, the effects of variations in the 
input-elrouit paraueters on the transient reeponse of the 
magnetic amplifier are very nearly exastiy equal to the 


corresponding effects of veriationsa of these parameters as 
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observed experimentally. Quite on the contrary, the ef- 
fects of analytical variations of the output-circuit 
parameters on the transient response of the amplifier are 
very different from the effecta observed experimentally. 

The difference, #s was pointed out in Chepter TIi, igs 
almost totally due to loss effects which are very pronounced 
in the output circuit. 

As was done in the preceding section, the output 
and input circuits will be dealt with separetely in dis- 
cussions of the analytical transient behavior of the 
magnetic amplifier. 

(a) The Effects of the Input-Circuit Parameters on the 
Transient Behavior of the Magnetic Amplifier --~ The 
characteristic time of the response of the magnetic ampli- 
fier to an applied step voltage for variations in the 
input-ciroult eurrent, 11, was shown experimentally to be 
inversely proportional to the square-roct of the input 
current. The nature cf this variation has been discussed 
in Chapter III, The effect of 1, upon the transient-time 
of the amplifier was confirmed by the analytics] equations, 
and the inverse square-root function was shown to hold in 
the theoretical case. In Figure 4-16 the variation of 
characteristic time with increasing values of input circuit 
ourrent is pletted from observed analytical data ag obtained 
from the anelyzer solutions for a particular set of circuit 
parameters, ag indicated on the figure. The curve of 


Figure 4-16 ig replotted on log-log coordinates in Figure 
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4-17, whieh aleo shows the experimentally observed 
Variation for equivalent paremetric senditions. The ex- 
perimental data used for comparison with analytical date 
wae taken by photographing 4 single sweep of an oscilllo- 
scope when the transient in the amplifler clireult was in 
progress. This technique has proved very valuable for 
observations of thie type. The effects of increasing 
velues of 4) are ehown by the serles of photographs of 
trensient behavior in Figure 4-18. It will be noted that 
the echeracterietio-time variation plote @8 a atraight 
line with e slope of minus § on the log-log coordinates 
of Figure 4-17, which confirms the inverse square-root 
variation due to 1,. It will aleo be noticed that the 
experimentally observed curve lies beneath the anslytiesal 
curve, or, in other worda, the experimental variationg in- 
dicate somewhat leeser magnituies of characteristic time 
than were observed for equal values of iy in the analyti- 
eal cese. This phenomena is attributed to the presence 
of a small edditional variable resistor in the input 
cireult which appears as a result of the hyeteresia and 
eddy-ourrent lossee. The magnitude of thia resistor is 
dependent on the magnitude of the 1; and changea with 
increasing currents in e manner which maintaine & con- 
stant difference between the curves of Figure 4-17. 
Agtually, as shown by the figure, the difference is small 
ever the observed range and might be caused by normal 


Tluctuations of the data. 
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FIGURF 4- 7g 

OSCILLOSCGOPIC FPHU@TOGHAB 
SHOWING THe BUILDUP OF THE 
OUTPUT-CIPCUIT CUPRBNT, #2, 
FOR INCRrASING VALURS OF THE’ 

INPUT CURRENT, i,, WHEN A 
STR P=-FUNCTION OF VOLTAGY IS 
APPLIED TO THe IRPUT=¢C rae 


m7 a DP LS 








f = 400 CDS. 
ot = 10125 ohms 
e. = 100 sin @it@ ais: 
KEY 
(a) eal = L. ll mag 
COT) a= 12.5 msec. 
(b) ij aa Oee2 er 
CT) pene 8.6 mse€Ce 
(c ) A = 5 enc Mae 
co = 4.44 ma. 
(oh) = 6.0 msec. 
(e) { =i 5.55 ma. 


eco msec. 
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Observations made analytically have permitted 
the plotting of families of ourves similer to those in 
Figure 4-16 with the various pammeters of the circuit 
represented by different ourves of the family. The data 
from which each of these analytics] curves was plotted 
are tabulated in Charta 3 and 4-4. The families of 
curves snow the veriation of charecteristic time with ly 
fer different velues of exch paremeter. It is then 
possible to sé¢lect a congtant velue of the Input-cireult 
ourrent and to determine the variaticn of characteristic 
time &g any individual parameter le varied. in these 
stutiies the velue of 1, of 2.22 milliemperes has been 
eelected aa & atencard for observation of parmmetric ef- 
fests. 

the variation of the cheracteriatie time of 
emplifler=-response with changes in the inputesireult 
Presistance when the other parancters are held constant 
is shown plotted on log-leg coordinates in Figure 4-17. 
Also plotted on thie figure ie the experimentally ob= 
served variation in characteristic time for the same 
cireuit eonditions ag were existent in the analytieal 
ease. The experimental characteristic times were obtained 
from the serica of oscilloseopic photographs shown in 
Figure 4-19, As wags the oase with the analytical and ex-~ 
peria@ental varlatione of 11, the comparigon of annlytieal 
and experimental variations of 4) alee indleates the prea- 


ence of & gmall additional varlable resistance in the lnput 
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FIGURE 4=- 19 
OSCILLOSCOPIC PHOTOGRAPHS 
SHOWING THE BUILDUP OF THE 

OUTPUT-CIRCUIT CURRENT, ilo, 
FOR INCR®ASING VALUES OF THE 
INPUT-CIRCUIT RFPSISTANCS, ia 
WHEN A STEP-FUNCTION OF VOLTAGE 
TS APPLIGD TO 2) rc i- 


CIRCUIT TERMINALS. 








: = 400 cps. 
a — 5600n 1. 
Ns @& 1000 T 
Ro = 500 ohms 
am 100 sinwt volts 
KEY 

(a) R, = 10125 ohms 
(ch) = 8.6 msec. 

(6) FR) = 5065 semme 
(CT) = 15.0 msec. 

(c) Ry = 2530 ohms 
(cn) = 33.0 msec. 


(da) 1265 ohms 


40.0 msec. 


R 
(CB) 


(a) 
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Cciroult as ocaused by hysteresis and eddy-current effects. 
In generel, however, the agreement between experimental 
and anelyticesl data is excellent. The variation of 
cheracteristic time, (CT), with Ay plote as a straight 
Line with a slope of negetive one on log-log coordinates, 
confirming the facet that the response time of the ampli- 
filer ig an inverse function of the total input-reei stance 
of the magnetico-amplifier circuit. 

fhe effects of variations of the input-celreuit 
turns were observed in a similar masnner. The points 
plotted in log-log coordinates in Figure 4-17 were selected 
from the Ny family of curves for varietionsa of cheracter- 
istic time with input-clreult eurrent. The experimental 
points, aleo plotted on this figure, were derived from the 
oscilloscope photographs shown in Figure }~20, Again 
agreement between experimental and analytical observations 
ie good, with the expected effect of hysteresis apparent 
for experimental ceases. The slope of the straight line 
variation of scheracteristic time with input turne is ob- 
served to be equal to poaitive unity. The nature of this 
variation has been discussed in Ghapter Til and the analyti- 
eal observations confirm the experimentally observed trend. 

The effects of input-circuit parameter varlations 
on the characteriatie time of the magnetic amplifier have 
been shown analy tieelly to agree very clesely with experi- 
mental date. The neglect of losses has imposed no serious 


limitation to the anslytically rigorous approach ta the 
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FIGURE 4- 20 


OSC ILLOSCOPIC PHOTOGRAPHS 
(‘a) 

SHOWING THE BUILDUP OF THE 

OUTPUT-CIRCUIT CURRENT, io, 


FOR INCREASING VALUES OF THE 





INPUT-CIRCUIT TUPNS, Ny, 
WHEN A STEP-FUNCTION OF VOLTAGE 
IS APPLIFD TO THe INPUT- 


CIRCUIT TFRMINALS. 





4 
an 
| a | f = Boo Goer 
prota | : No = 1000 T 
ne 5 va+ R, = 10125 ohms 
} i} Woe ft R5 = 500 ohms 
a e5 = 100 sinwt volts 
an fr) a 
KEY 
(a) N. = 1800 T 
(ot) = Ay aimee). 
(b) Ny = Beco 
(Cg) ts 6.6 msec. 
(c) Ni = £3600 Tf 
(CT) = 8.6 msec. 


B(c) 
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solution of the ecuations of the magnetic amplifier insofer 
as variations in the input-cireuit parameters are cancerned. 
(vo) The Effects of the Output-Circuwit Parameters on the 

Transient Behavior of the Magnetic Amplifier. ~- The 
concept of the buildup of biasing Plux hes been introduced 
previously. Since the buildup of flux bias consumes an 
appreciable portion of the total charecteristic time of 
the amplifier, the amplitude of the fiux in the coils of 
the output sircult is of great importance in the transient 
behavior of the magnetic amplifier. Ideally, the elter- 
nating flux-emplitude ghould be initially equal to the 
saturation flux. It is neeessery thet the flux amplitude 
not exceed this value because, &e hase been pointed cut in 
the discussion of the static effeets of flux, lerge initial 
currents will flow if the initial flux extends into the 
nonlinear region of the curve. It 1s, however, desirable 
that currents begin to flow as soon ae possible after the 
application of the step Function to the input terminals, and 
in order to accomplish this end, the exoursions of the sale 
ternating flux should be es great as possible initially 
without exceeding the break value. Since the flux ampli- 
tude plays an important part in the transient behevior of 
the amplifier, 1% is convenient to discuss the +ffecte of 
output-cireuit parameters through the medium of the effect 
of these parameters on the alternating flux. 

The effects of loacses in the output oireult are 

pronounced in the practical case, and in general, the 


agreement between analytical and experimentel variations 
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of the output-clrowit parameters hea been poor, The 
nature of the effects of losses on the wagnetic-elestrie 
cireult hus been considered in detall in the chapter de- 
voted to discussion of experimental results. 

Ag ahown by Equation 2h, the flux in the 
output circuit is directly propertionsl to Eg, and in- 
versely proportional to frequency snd to Ay. Since 
Large initial flux-exoursions lead to emali values of 
ohayvnoterietic time, Lt would seem apparent that an in- 
eresse in ilo would, in the anelytical case, lead to re- 
duetion of the cheracteristiso time. 48 shown on the 
plot of charseteristic time versus Eg on log-log oo- 
ordinates of Figure 4~22 the expected decresse of 
characteriatio time with increases in He dees not oovour. 
Ag 46 consistent with the linear-oireuit theory defined 
by Equation 4-26, the initial drop in characteristic 
time with lia ig an inverse function of thie parameter. 

fter the value of K, becomes eufficiently grent to pre- 
duee fluxes of amplitude in exeess of fg, AOnlinsar effecte 
of the circuit take places, the ouilldup of flux ile eided by 
the flow of currents, and the drop in ehareeteristio time 
becomes much more rapid. The variation ceases to follew 
linear theory. the value of voltage required to produce 
$_ wees shown to be approximately 205 volte peak, or 145.5 
volts ras, for the standarid-parameter conditions, and 
therefore, ebove this flux value the nonlinear charagter~ 


ieatics become apperent. Secause of the losses in the out- 
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put ciroult, the effect of experimental varietion of Ee 
is radieally different, heving 8 positive elope of ap- 
proximately 1/5, as plotted on Figure 4-22, from the 
data represented by the phote-oescillogrephs of Figure 421. 
Since the reneons for thie behavior were discussed in 
Ghapter III, 1% is only necessary to state here thet the 
anilyticel sppresch, beceuse of core losses, Goes not 
adequately inéieste the neture of the effects of varia~ 
tions in Ep upen the transient characteristics of the 
Begnetic amplifier in the practical ense. 

fhe effect of the output-cireult reaistance on 
eheracteristic time wee cbeerved analytically and experi- 
wentally to be negligible. This result is to be expected 
becsuse the effect of the ocutput-circeult resistence on 
the emount of voltage svallable to the reactors is con 
etant and independent of the cutput~-circuit losees. 
Examination of the photographs of Figure 4-23 showa ouite 
Clearly that the transient time of the amplifier is prae- 
tieally constant regerdless of the megnitude of the load 
resistor. SUhe results of differentiel annlyser Buns 27-5 
inelusive, as tabulated on Cherts 4-3 and 4, confirm 
anglytically the lack of effect of Ag upon transient be~ 
havior in the region ovserved. 

The flux-bias bulldup concept, Bauetion *.26 and 
Equation 42+, would indicate that an increase in the out- 
put~cireult turns would result in an inoresse in cheractere 


istic time. This expected trond was found to be true in 
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FIGURE 4-21 
OSCILLOSCOPIC PHOTOGRAPHS 
SHOWING THE BUILDUP OF THE 

OUTPUT-CIRCUIT CURRENT, io, 
FOR INCREASING VALUFS OF THE 
PEAK VALUE OF THE APPLIED 
ALTFRNATING VOLTAGE, Eo, 
WHEN A STF P-FUNCTION VOLTAGE 
IS APPLIED TO THE INPUT- 


CIRCUIT TERMINALS. 


f = 400 cps. 
Ny = $600 T 
Ro = r1oeoo T 
Ry = 10125 ogms 
Ro = SOO cis 
15 — €2ece eee 
Ky 
(a) EF5 = 80 volts 
(CT) = 8.0 msec. 
(b ) E5 = 100 volts 
(CT) = 8.6 msec. 
(c) Eo = 150 volts 
(€f) = 9.2 msec. 


(d) E>, = 185 volts 
ff) = 11.9 msec. 





ne > 


rIGURE 4-23 
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OSCILLOSCOPIC PHGROGRi Tis 
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SHOWING THi RUFEDUP OF Pre 


OUTPUT-CIFCUIT Ci Riga! San 





FOR INCRNASING VALUFS OF THE 
OUTPUT-CIRCUIT RESISTANCE 

Ro, WHEN A STEP-FUNCTION OF 
VOLTAGE IS APPLIFD TO THE 

A (b) INPUT-CIPCUIT TERMINALS. 

(NOTICE THAT TH" EFFECT OF VARIA- 


TIONS IN Ro IS VFRY SMALL.) 








f = 400 eps. 
Ny = 3600 T 
> = 1000s 
Ry = O25 %cGinnis 
&> = 100 sit volves 
tc) 
KEY 
(a). Ro = OO climes 
(CT) = 8.65 msec. 
(b) Ro = 500 ome 
(CT) = 8,60 fisee- 
(c) R.> = 1000 ohms 
(cP) = 8.70 mecc. 
(d) Ro = 2000 ohms 
(CT) = 8.73 msec. 


(da) 











the anslytical case, and in eceordence with Eauntion 4-26, 
the time response inorenaes, anklyticelly, approxime tely 
with the number of turns in the output circuit windings. 
The observed analytical effeot, ea well ae the experi- 
mental effect, wre shown plotted on log-log coordinates in 
Figure 4-22. The experimental effeot of increaeing No, as 
obtained from the photographe of Figure 4-24, shows thet 
the churacteristic time is an inverse function of the 
square-reot of Wo. The wide daviation between experimental 
end anelyticel resulta must agelna be attribited te output~ 
Glirevit lossea, and it ia neeresary to conelwie that the 
anelytical epproach, because of these lossee, does not 
present & true picture of the actuel transient behavior 
of a practical megnoticeamplifier circuit. 

time Limitations did not permit investips tion 
of the effeet of the outputeslreuit alternuting~frequenoy 
on the transient dvehavior of the amplifier, but bince the 
frequency, in accordance with Koquation 2, affeets the 
flux amplitude in the seme manner 428 the output turne, No, 
4% is anticipated that frequency effects observed analytic. 
Slliy would be similar to the observed analytical effects 
of Ko. Since the analytical effecte of Neo are not con- 
firmable experimentally, Lt is preaumed that the analyzer 
would not show correct frequency effects, again sa a result 


of the cireuit logeses of hysteresis and sddy-currente. 


or. 
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FIGURE 4-<4 


OSCILLOSCOPIC PHOTOGRAPHS 


SHOWING THE BUILDUP OF OUTPUT- 


CIRCUIT CURRENT, io, FOR 


INCREASING VALUES OF THE 


OUTPUT-CIRCUIT TURNS, No, 


WHEN A STEP-FUNCTION OF VOLTAG® 


IS APPLIED TO THE INPUT -Ci cur 


(a) 


(b ) 
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TERMINALS. 
f = 400 cps. 
Ny = 5600 T 
Ry = 10125 ohms 
Ro = 500 ohms 
Ly =— Dele mae 
eo = 100 sinwt volts 


KEY 


(CY) 


(CT) 


(CT) 


600 T 
11.6 msec. 


1000 T 
8.6 msec. 


2000 T 
6.1 msec. 








The analytical approach to the magnetic amplifier 
problem has given excellent indications of the steady-state 
performance which might be expeeted from 2 given magnetic-~ 
amplifier design. It hes further indicrted the nature of 
choice of perametere which might be selected to permit ope 
timum operation in the eteriy-etete to meet the requirements 
or a particular situetion. Phe enelytice!] approach has 
G&leo indleated the neture of the effects of the inpute 
elreuit prremeters upon the trensient performence of the 
magnetic amplifier. Unfortunstely, the analytical solution 
faile to give true indiartions of the effecte of the 
eutputecireuit parameters whieh effect the mgnituda of 

the alternating Tlux in offeeting the trenslent performance 
of the device. 

It should be remembered that the cnalytical 
etuciies were mide using the soat simple magpnetic-amplifier 
clreuit. In general, uscbhle magnetic-amplifier circults 
are further complic;ted by feedback winiligs and by ree 
tifierdemedulator units which will contribute decidedly 
toward complicating the acuntions of amplifier performansee, 
and would seem to make the analytical appreech extremely 
adi?vficul st. 

This particular invectigetion was, hovever, de~ 
voted to examination cf the findementeals which affect 


magneticnamplifiler performance, and «a sueh, the use of 
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the mechanical differential analyzer haa been very value 
able, both in indicating the precise nature of the 
amplifier performence, and in crystallizing concepts 


which affect magnetic-amplifier performance. 
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CHAP TER V 
AGE NERATIVE FEEDBACK IN MAGNHTIC AkpLIFIERS 
Use of Regenerative Feedback in Nagnetic Amplifier 

Ag a means of improving the gain of the magnetic 
amplifier, the use of regenerative feedbeck hae proved 
valuable. Since the magnetic amplifier 18 limited in time- 
response to relatively low values, conceivably part of the 
additional gain obtainable by feedback cireuitry might well 
be anorificed in an effort directed toward reduction of 
characteristic time, with a resultant over~all improvement 
in the performance of the feetibsck cireult as contrasted 
with the performance of the beasie circuit. 

The first noted use of regenerative-feedback 
techniques wae that of P. H. Dowling of the Union Switch 
and Signel Company, who patented & positive-feedback amp1li- 
fier in 1929. The teohniques used by Dowling were greatly 
extended by two German engineers, Theodor Buchhold and 
Wilhelm Geyger, during and in the few years preveding World 
Wer II. Recently, under the auspices of the Navy bepartment, 
Buxeau of Ordnance, experimentel investigetiona of positive 
feedback techniques heve been continued in detail at the 
Naval Ordnance Laboratory, White Cak, Maryland. 

In view cof the interest being currently shown in 
the use of regenerative feedback, it wae deened advisable 
to examine briefly the use of positive feedback in magnetic 
amplifiers ag an extension of the basic studies which were 


Gefined as the primary objective of this research. 
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Let us coneider for s moment a basic magnetic 


amplifler in which an additional set cf windings heve been 
applied to each core. The additional set of windings is 
to be wound with exeotly the same number of turns ag em 
ployed on the output circuit of the basic amplifier; 
thet is 

No = a , (5<1) 
where Nz ig the number of turna per core of the additional 
winding. The tertiary windings are connected in a manner 
whieh will osuse the fluxes produced by currents in these 
windings to be additive to the fluxes produced by currenta 
in the input-oclreuit coilea. The eurrent flowing in the 
output ciroult of the amplifier ise rectified in en ordinary 
full-wave-rectifier bridge, and the reetified current is 
epplied to the tertiary or feedback windings. The nature 
of the connections reguired is shown in Figure 3-1. 

It hae been pointed out previously thet the 
average velue of the output ampere-turnse of the basic 
amplifier is approximately equel to the everage yalue of 
the input ampere-turns over the region of normal amplifi- 
cation. When the output current is restified and applied 
to the feedback windings, which,we recall, have the same 
turns as the output cireuit, it is elear that the ampere~ 


turne of magnetizing foree in the feedback circuit are 


approximately equal to the ampere-turne of the input circuit. 
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“The bagie theor in the next 24 pages is adapted from 
Buchhold, T., “Uber Gleichstromvormagnetisierte Wecheel- 


eioReyresses spun gp und der Ruckkopplung," A.f.B., 36, 























- A 
. +. Ly - 
X a 










rn 7 Nem fee BO ; " el 
slaqrpen a 08 #907 twbleiee az tod 
Need ovat apnibats ta jee lapotdiine as Aalst af veltilque 
Si SuttScde To Foe Lene ie LhSe GET .2ves Wak OF detlqge 
e682 eevet To cecum em ote Elzoers Bele Goes Od OF 
pretti tyne oieet AF To Fidewls suqtwo ade ad beyoly 
. , ei fae 
(Lot) (face 

Kevctoi tha alt 20 wee cea extus Yo totem oy af pK orede 
Tehhte BAL Detentiaes F14 Hgntonde Exatsene ad? .galbale 
nent? Ul AT Wewws Wt beewbow sania sat seus {itv Houte 
eirerwe vw besohisy steelY off of cit iibe ad of e_atinin 
we KE grader Srevtin aff .efioe PMvotle-dpqnt otf nt 
cradled HA al belteroed a1 tolttfems edt to sivetis fuqduce 
ef fawyres beftitoes wh See ,eybled welt i2oe%-evew-Livt 
Uses SAT Layntinte dostheot qs aire cat oF ont (eqs 
he ST Go! mendes of Serlipet Uifot¥oxance edt Ye 

ott fett “letolvety tus nerAfog twat aad FT 
Gtrad et to amuwit-orsqee Poqtuo ets te euler wpowews 
To wiley egeteve ety OF Lappe YSetaaineteye af aaltifoul 
~Pifiqds faerer Yo notpet wif tere eouyeetegee Jugal af? 
besiqgs ara bersiset a2 fiwtee fiyibe ee Got melted 
exes wef wrod .ffeoed ow Jit (AQuRiely Zoedbost ai? oF 
~ovequs War fal) cable we 3t .ttiocis Suu acy be wneud 
we Flugthe dowSael eAT nt gircet yetsrvengee to bout 
-Tiwerig Tegal Hf Le sot -eieows air oo Luupe yet uclaeteqe 
wt tegaq gf tues Ay Wl Gidecd olaed aat™ 
,3) ,bleiet 


° mrs ob geee 
























* A 


Sinee the fluxes preduced hy the magnetizing foree in the 
feedback cireult are additive to those preduced by the 
Lnput-olroult megnetising force, 1% Le possible to stete 
that the feeddack megnetizing force may be represented by 
the distence (NI)z on the modulation characteristic of 
Figure 5-1. It will be noted that (NI), ie of sufficient 
magnitude to provide the magnetizing force necessary to 
extend just to the 45? glope line, which represents the 
ideel ease. If the amplifier is to be operated at the 
point "P", it 18 then necessary that the input elreuit 
provide only the megnetizing foree represented by the 
dietance (NZ),. fhe magnitude of (NI), dependa upon the 
permeabllity of the core materiel, and can be made very 
email if the permeability is great. Since (NI), is of 
much lesser magnitude then (NI),, the power gain of the 
amplifier operating et point "P" is auch improved by the 
addition of the feedback windings. The new condition in 
the amplifier input clrovuit may be expressed 

(NI), = (NT)s + (NI). (5~2) 
The average value of the output ampere-turns remains un~ 
changed although the required input ampere-turns have 
been reduced, It may be seen in the exaggerated drawing 
of Figure 5-1 that below the point "A", the value of (NE), 
required to operate along the modulation characteristic is 
mencureag in the negetive direction. At point “A*, (NI), 
begomesa zero and above this point the feedback input 


magnetizing-forece, (NI), becomea pogitive, eventually 
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(NI) 


AVERAGE OUTPUT AMPERE-TURNS 
= 
Ke 


O INPUT AMPERE-TURNS = (NI), 


FIG. 5-1 (a) FULLY-COMPENSATED FEEDBACK. 


AVERAGE OUTPUT AMPERE-TURNS 





O INPUT AMPERE -TURNS (NI), 


FIG.5-| (&) OVER-COMPENSATED FEEDBACK. 
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beooming very great ag seturation oceurs. From these 
consideretions it ia possible te construct a revised 
modulation characteristic for the feeiiback ease. Such a 
revised ehrracteristie is shown in Figure 5-7. The esee 
which haa been diseussed, 1.e., No = liz, has been desig- 
nated as fully-compensated regenerative~feedback. 

If the feedback turns, Ny, ere increased to 
some value grester then Np, the value of (NI); becomes 


greater than (NI),, since the currents are the seme. Gon- 





sequently, (NI), La of grenter magnitude then (NI),. 
a moduletion cheracteristic, as shown in Figure 5-1(b»), it 
ia agen that (NI). ig menoured to the line 0-X which has a 
slope of less then 45°, the actual value of thia slope be- 
ing dependent on the ratio of ay to No and defined by 


1@ a M2 
tan 9 a (53) 


Under these conditions the point "A" is seen to occur at 
an inoreased value of output aupere-turns. Above the 
point "A", saturation eceurs rapidly, and consequently, 
the usable portion of the characteristic 1s represented by 
that portion lying below "A". In this region (NI), ia at 
811 times meezsured in the negative direction. it will be 
noticed that at two points, *B” and "CO", the values of 
(NI) are equal. This equality resulta in an instebillity 
in the amplifier performance and in a diecontinuity in the 
revised modulation characteristic. The nature of this 


singulerity 16 shown more clearly in Figure 5-7, where 1t 
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may be seen that, because of the discontinuity, there is 

@ very rapld rise in (NT) , for a minute change in the 
input magnetizing force, corresponding to the double-valued 
function of (NI)p at the value of (NI) 4 represented by “BY 
ond “O" of Figure 5-1(a). The value of overcompenseted 
feedback, as thie situation is designated, for on-off 
control, is obvious. Large output eurrents ere controlled 
by extremely small changes in the input current. It is 
poesible to add «a fourth set of windinge to the magnetic 
amplifier, whieh, when fed with 6n additionel supply, will 
biss the overcompensated cheracterietie of Figure 5-7 
toward the right in Figure 5-7 in & manner whieh will 


eause the singularity to oceour at the origin. 


Static Cheracteristics cf Feedba 





*& gomparigon between pragtical enses of fully- 
Gconpensated and overcompensated feedback le shown on 
Figure 5-7. Aetuelly, there l& some question as to whether 
the case represented by the modulation ehsracteristic for 
fully compensated feedback does indeed represent the op- 
timum value of 100% compensation. The reader will recall 
that the windings of the cores used for the etudy were tapped 
every 200 turns, and under these conditions, it is thus 


theoretically poseible to make (NI). equal to (NI) in 


3° 
the practical situation, however, although Be is equal to 
iz, it 18 likely that Iz is slightly less than Io becsuse 


geome lesses and distortion are inevitable in the restifier 


pyr 
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units. It would, therefore, have been desirable to have 
provided @ means of inoressing the turns in the feedhack 
winding by some small amount in order to maintain (HI), 
equal to (NI) by compensation for the rectifier distortion 
and losses. Unfortunately, euch a procedure was preoluded 
in thie brief study because the torolda were potted in 
Ceresin Wax in order to inecresse the breakdown-voltage 
between windings during studies meade of the basic cireult. 
In general, 1% 18 recommended that means be provided in 
the breadboerd cireult to make smaller adjustments of the 
number of turns in the feedback windings. FPerhens under 
theese conditions, a steeper curve than that shown for fully 
gompensated feedback in Figure 5-7 would then be stteinable. 
It is essential, whenever regenerative feedback 
48 employed, that the rectifier bridge be perfectly symmet- 
riesl. If such symmetry does not exist, an unbalanced 
waveform will beobserved in the current in the feedback 
windings, whish results in an unbalance in the output cur- 
rent waveforms. Four Bervood-Linse Type 32651 selenium 
rectifier units were available for this etudy. Vissimi- 
larity between these units made it undesirable to uee the 
dry-dieo rectifier bridge, however, because of the un- 
balanced waveforms produced. Consequently, a rectifier 
bridge composed of two 6H6 double dlodes waa constructed. 
Approximately ten of these tubes were teated sefore a 


aufficitently matched pair was found to eliminate asymmetry 
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in the output waveform of the amplifier. In the practical 
magnetic amplifier, the use of dry-dise type reotifiers is 
highly dealrable, because the fllament-seupply problem is 
¢liminated. ita the leboratory teeta, convenience indicated 
the use of the diode bridge. A comparison of the modulation 
characteristics produced by the bridge composed of type 32651 
showkes reotifiers and the 6H6 diode ridge is shown in 
Figure 5-2. The etseper alope agsoclated with tue dry-dise 
rectifier bridge justifies the use of these units when 
matched peirs are selected. in general, the use of dry- 
dise reotifiers is desirable beceuse the emplifiler cireult 
is then wholly without tubes. 

The subject of the cholee of rectifier units for 
the feedbeck megnetic-amplifier recuires further study. 

The shepe of the modulation characteristics for 
megnetic amplifiers utilizing fully-compensated feedback 
depends on the factors which influence the shepe cf the 
modulation cherasteristics for the basie cireult. Thie 
gtatement is borne out by the measured feedoack modulation- 
eharacteristics of Figures 5-3, 5-5 and 5-6, which show the 
effects of Ro, Eo and No respectively. 

The modulation ocharecteristios of Figure 5-3 are 
quite similar to those of the bagle ecliroult in which a 
variation in the load resistance Rp is meade. ‘the falling 
eff of the characteristic for large load resistances is 
again apperent. The nature of this flattening hag been 


disaussed in cennesotion with investigetions of the basic 
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circuit, and the discussions in Chepter III are direotly 
extendable to the present feedback egituation. The curves 
of Figure 5~3 attain further practical significance when 
converted to curves which indloste the power output and 
gain of the magnetio amplifier at given input power levels. 
invariably, when the feedback connection is used in a 
single amplifier, the additional set of windings, called 
elther biasing or compensation windings, ani designed to 
shift the modulation chsraeteriatic to the right, are em- 
ployed. The shift ia made such that the dip of the modu- 
lation characteristic occurs at the origin, i.6., for 
zero input current. dn the power-output and gain 
eharagteristica shown, it is sssumed that suoh an eddi~ 
tional winding has been amployed to shift the charaeter- 
istic to the right by 1.5 miliiamperes on the input seale. 
fhe power necesasry to supply the sadaitienal windings 1e 
reedily available from the a—<c power supply after a por 
tion of the supply current is rectifled. This conversion 
nae been carried cut and the resulte are shown pletted in 
Figure 5-4. The power output in wetts ie plotved versus 
the input current squared. The input resistance is again 
omitted, as wes the case with similer qurvee for the bagie 
cireult, in order to allow flexibility in the seleetion of 
this peremeter, because of the important effect of Ry 1a 
determining the characteristic time of the dynamic perform- 
anee of the amplifier. On the seme figure, the gain of 


the amplifier times the input circuit resistance isa plotted 
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COMPENSATED FEEDBACK CONNECTION PLOTTED 
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veraus (1,)°. it 16 epparent, from these curves, that 
there 1s a definite optimum value of Re at whieh the 

gain reaches a meximum. This peaking eceurs for a velue 
of Ag Of approximately 1000 ohms, and at a value of 
(input ouvaas” @eoual te 107° ampe.” , The curves indi-~ 
cate that the choice of load reelatance muat be br ned 
upon the level of input power (represented by (1,)*) end 
then selected from the optimum gain conditions at this 
level. In some ceees it may be necessary to ascrifice 
gein in order to obtain larger velues cf output power. 
The gein curves of Figure 5-4. were made with 2000 turns 
en the input windings, while gain curves shown in Figure 
4219 were observed for 5600 turns on the input windings. 
If the curves of Figure 5-4 are corrected by the scuared 
turne ratio eriterion eetablished by Souetion 7-17, 1t 
mey be geen by compsring Figures 3-19 and 5-4 thst a gain 
improvement, depending on the megnitude of the input ree 
sistance, of the créer of 100 to 150, is possible with 
regeneretive feedbeck in the region where the scusred 
velue of the inout current is epproximately 1075, This is 
the value of (1° at which the gein of the feedback 
cireuit reaches & maximum, end aleo is e@ value at whieh 
the bagle-oiroult gain-charactéeriatic is et ite maximm 
point. For identical conditions, the improvement in 
power output is of the seme order «a the larroverment in 
gain with positive feedback. 4 cureful aéjurctment of the 


feedbeck turns as described te ebtain perfect 100)) feed- 
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back might permit a better gain improvement than thet 
shown in these limited observations. Both Figure 3-19 
and Figure 5-'+ emphasize the important end somewhat un- 
fortunate part played by the input resistance in deter~ 
mining the gain available from a given magnetic amplifier. 
Again, these figures emphasize the significant fact that 
excellent gains are obtainable with a megnetic amplifier 
if dynemic response is of sufflelently small importance 
to permit the use of a minimum input resistance. 

The effect of the magnitude of the peak alter- 
nating voltage, Eo, in the feedback case 1s also analogous 
to this effect in the besic amplifier. The value selected 
should, for optimum operetion, be sufficient to produce 
a flux with peak smplitude equel to ~,. Values of applied 
voltege of lebeer mgui tute result in premature flattening 
of the modulation cheracteriatic, aa shown in Figure 5=5. 
If Bo is sufficiently great to produce alternating fluxes 
of magnitudes greater than 9 a the minimum or dip point 
of the feedback modulation charecteristic will be increased, 
and the excitation current flowing in the output windings 
for zero input-current ia increased to an undesirable 
figure. The digoussion here implies that the modulation 
characteristic hne been shifted to the right by en addi- 
tional set of colle eo that the minimum of the chsracter- 
istic oceurs at zero input current. 

The effects of No, which must equal ., theoreti- 


cally, are also similar in the feedback case to those 





= 


Hy : 


7a oaks Ingenvotuns Ning TeFIad a FienEG Niyte Abad > 
Chat eemyss FH .adeldevnesdo Dedleil enods mt rode 
oot Mtr e, fon, “estas, eg Mears Sf amert cep 
werden wl reondelows Tuqnt and wi hepaly Fane Tew! 
Sel} iiame oltemgam meth 4 Bony Ridettevealeg mi? yotnto 
faty Jog tunvi}iapte 962 metwucconp eTsmglT aye? ,AtayA 
TUTsLamy HszeRgen ¢ UTty Ofduniatds oxy aaiag tonllonxy 
sora wages Linmm Sianeieli ioe te ef eanowmny shmacreh FL 
eo pee POM eines Feat? paints « Jo gw od) There, GT 

“aati Aine a 20 elutteges ait To Zoette ati 
estgglen= mae al vane Anptibeet eat oh seh 9d soy ansiee 
sofastpe ey ley Rae  /WHLTsLamN CLAMS GME GE Teyite clay of 
MavorG OF SAEINs Tue og COLT HHMNG RAT GO OT Divers 
Des fame 30 pputat pf Ot Leipe eiwt sine soe ie notte 
Bilasyealy writen Nt Jiumwe elas icyam toyeet Be maa Ser 
-O-2 PHUBLT Bt fortis 94 OLR yes penado culfaluion at Ya 
Somaly SesFeepeT in omalors of Fersy ylonetolyiue a2 gi IT 
They GA We Gomiole 67 GY many spd eety atu ingae To 
cWrerwrnmh we Li ty OsTadce7oeTAKE nottainoan Apmehawy at YO 
emisuly Gagfun ait ef potwaly tree poste7 fone mit one 
Cid wiseeene 6 Of HewsHTOKL of Jercret~dugal ome 10% 
ogteiunas ea F403 vastus owed nolaeiael® awit .weyt} 
“AAS He Wh TiplY ody oF Seid Hem wae ots etrezoquade 
“HOTOHIAD MET VO MUBIBIN ewiT Pats om alioo ta tee lenpls 
Sawrua gugal pies fe a wwe OLFet 

~AEerensa <P Kunye Fm solo sak Ye Adeest9 Ady 
ponds of heen dveiiee) adt al valinta opie vt ,ailae 
















































A AY As ae 


= 
—_ 


-" r 2 
i ' : ‘ 
: : 
7 . : ; 
es = § es -— —— gee a om weed ai 
2D 


- 
7 


+ 


0 turns: 
ia 
_ see 
t 
walle 
| 
t 


| 
ic 
. 


pa cl 
—— 
turns 


400 « 


Q. 
=109 


~RIEIND 


Tt 


> 


200 


2 = 
Nis 
NZ=Ns 








ee — eee 


mee re me ee ee — A me me. 





t 
7 ; 
ia & 
( 7 ¢ 
' t ee aca } 
! 
| ' | 
. : ! : : 
aoe) ee 
| | 3 | 
: : ' a | | 
: : I { } | : 
: ; : : ' i 
p= ie mn eee nf eee a 
' 1 ? i . t 
| ; 
: 4 ~ QO t © ) 
© : 
: : ® 
_— = : { ‘ ; 
2 
ao al” iz | | | | 
} ’ ' t 
j ! ] ' 
t ~— eS ee — —<+ ———— x we me . ela) “ — ee a= oop ——> +- = 
; | 


oo 
oe eee th Ee ome me me mene ny in at ore — 
: { ' . / | 
i | zat i 
- = { -_ - - } ; - «= & + 
Tare o_o 
{ i \ ! ' 


. . 


: 
eae 
> 


WONI, 


“ 
: a ‘ 






aa Sle | 
. 
a 


ih 


ee pe te pee ee 





AN Pepa 


ie 


ee 


T _ Sper eele a he coe 
‘ ‘ 


: . | 
| i I : 
. | | | 
fe tie —_ - --t- ~- - =e —— ——---— oe — —— 
{ : | . . { ' 
{ : : i +4 ! 
a ; i : — ae 
i ' 
| ; 
ee ee A 
| 1 | 
get : 
Ae 4 = 4 oe ‘ 
{ t 
| 


ai 
ee 


1 
} t 
4 ‘ 
' : ‘ 
ane Lert apteng = ——--+ —acipaetampcenirer= semen ten coed oo 
‘ ; ' 
i] ‘ . 


obo 
uae 


— ee ee 
) 


ws WUD 


aaeintivaia © diem wa — 7 $+ 








ed 


| 
a -_~- 
! 


— de ees 


E& 


me net ae oes nee enemas oe 
' 


t 
{ 


AGE. 


APPLIED ALTERNATING VOLT. 


i 


- 
oF 'MAGNETTIE U 


7 amet 
| FEEDBACK 


. 
; 
4-— a -__t og we 
‘ ‘ 
‘ ‘ 
t 1 
t ‘ 
5 
\ 


SH ee ee ee te 


t 
: 7 


—¢~—-_ 


1 
‘ ; c 
© brmen a Sea ara 1 ee, =| rere c-eeey ewe — 
—— + 


} 


| 
TIVE 
OF CHANGING T 


(iy 


ACTERISTIC. 


Tr 


’ ea 
‘ 

soll eee eee 
( 
i 
i 
3 
I 


- 


jae 
ow 
R WITH POS! 
FECT 
| 
| 


soem er f- am 


HOWINKG EF 


ee ee 


+ 
‘ 


| 
: 


= CURREN 
| 


ODULATION. CHAR 


+ 


~t-* 
| 
} : 
t 


‘ 
‘ 
wee me aes eee 
. 


t 


Soap eect en te 


Mei 
{ 
Pele 


| 
| 
i i 
L 1 —-- me Viet ee 
a ey ‘ Ss c — ae - . 
f } 
| , i) 
ae pose fom are na 


A 
| 

















84 


effects observed in the basic cirouit. No must also be 
adjusted such that the peak excursion of the alternating 
flux is equal to p> or the ainimum points of the modula- 
tion charseteristic will be raised, as shown in Figure 56. 
Thie effect 1s perticularly evident in the modulation 
curve for No » Mz 2 600 turne. ‘The selection of Np, as 
well ag thet of dp and frecuency, ie governed by the op- 
timum magnitude of alternating flux. 


The f Feedback Gain 





The basic concepts of regenerative~feedhbeck, as 
introduced by Suchhold end discwuased in the early pages of 
thie chapter, are extended in the following paragraphs te 
explain the gain characteristics obtainable with fully- 
compensated regenerative-feedback. 

Formulas for the power gain of the baglie ampli- 
fier were developed and praegented in Chepter Til. When 
dealing with magnetic amplifiers 1t ie algo convenient to 
consider elther ampere-turn gain or current gain, gsinee the 
pewer sain of the amplifier depends upon the currents in the 
input and output elrcuits. The developments of this sec~ 
tion will be devoted to consideration of the ampere-~turn 
gain of the bagie megnetic amplifier and of the mugnetie 
amplifier with regenerative feedback. 

In the idealized megnetic amplifier, xs discussed 
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(NI), = (NT), (5-4) 

In the practic:1] besleewsmplifier, the equivalent 
concept, becasue permeability is not infinite, le 

(NI) ¥ (NT), (5=5) 
Aetuelly (NI), 18 slightly greeter than (NI)g, the emount 
greater being, &e wis shown, an inverse function of the 
permeability of the core material. 

Lt 16 possible, then, to define the smpere-turn 
gkin, Ky, of the basic amplifier: 

ot no (5~6) 

The value of Ry le ideally unity; in the pree- 
tleal ease Ky 1s leas then unity. Although the ampere-turn 
gain ie equal to or less then unity. 1t le still posalble 
te obtain power gaine in the bogie clreult and the method 
hae been developed. (See Enuntion 3-17.) 

Agoording to aeeepted feedbuck-theory, the gain 


of 6 eyetem with regenerutive feedback is defined 


K 
K* ws i-px (5—7) 


X* w gain of the feedback syaten, 

K sa gain of the syste@a without feedback, 

(3 = feedback ratio. 

By referenes to Figure 5-1(2) and Equation 5-2, 
the following relationships for the feedbeck system are 
established: 
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L (NT)E + (HT)5 (58) 
ideally for full compenastion 
(RI) o (NI) ; (5=9) 


but in the practical cese (NI)o is Slightly greater than 
(WI) because of lose in the rectifier aystem. The feed- 
back ratio 1s defined 


~— 
Bz TET (5=20) 


From Exqyuetions 5<7, 5<8 and 5-10 


(NI) 


- @ (HI)! + (HT) 
me (NT) » (5011) 
omy + Git; 
oY asl 
x? (NX)o 


= . 
R al 2 
(NT)) 4 Gif), (iT), (5=22) 


Let us consider Ecuation 5-12 in the light of 
the idealized situation of infinite permeablilty. Under 
these conditions (HI)} is identically zero, (NT)o and 
(NI); are equel, the denominator is sero and R' becomes 
infinite. Ye see thet the ampere-turn gein has been ine 
creseed in the ideal cease from unity for the besic cireuit 
to infinity for the cease of fully~scompensated feadhuck, 

In the practical case, of course, (NI) is a 
finite value ani an inverse funetion of permeability, 
while the difference between (NI), and (NI), 1s small 


and @ direct function of the reotifier losses «nd distor- 
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tion. The value of &' is et111 very large. Moquation 
5-12 indleates that high-permeabllity core-—materiels and 
low-loss rectifiers are essential for feedback magnetic- 


amplifier designs. 





ahe time avalicble for dynamic feedback studies 
wes very limited, and did not serwit a thorough investige- 
Vion of this subject. A few remarks relative to the 
effect of ragenerative feedback on the dynamic performance 
of the amplifler are, however, presented here, 

It would be degirable to be able te predict the 
dynemic performance of the feedback amplifier from the 
dyneamie performance of the basic circuit, since it ile 
poseible, within reasonable limits, to anticipate the 
d4yntamic behavior of the besiec circuit by methoede which 


‘“heve already been desorlbed in the earlier chapters. A 


neana for guch a prediction is not, however, apparent to 
the suthors at the present time. The additional feedback 
windings, and the buildup in current in these windinge, 
involve factors whieh greatly complleate the dynamic be- 
havior. The effeet of Input-circuit current on dynamic 
performance is also complicated by the addition of feed- 
beok windings. In the bigle cireult, the biasing input- 
currant for an alternsting eignel may be selected anywhere 
in e wide renge of linear ampere-turn senaltivity. Hefer- 
ence to eny of the feedback moduletion cheracteristica in 


this chapter will show that,in the feedbeeck case, the 
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range of selection le greatly narrowed, and is, in 
general, limited to somewhere in the renge from 0.3 to 
1.3 williamperes. The limitation ie a result of the 
fact thst muoh of the effective “input” magnetizing force 
1s, in effect, supplied by the feedbxek windings, since 
these windings are connected in a manner additive to 

the input cireuit windings. 

A gingle sinusoidal band-pass enaracteristle 
for a feedbeck amplifier ic shown in Figure 5-8. The 
input resistance ia epproximitely 7000 ohms plus the re- 
eletance of the windings. The biasing current ie 0.7 ma., 
which insures operation over the moet linexr portion of 
the feedhbeck module tion-characteri atic. The observed 
bandwidth ia seen to be of the order of 12 cyeles per 
second, wnich is rather low for many applications, and 
certainly lower than whet might de expected from the beasie 
eiroult with o 7K input reeilatance and 4 moderately lerge 
biasing current. The fect tnet the biasing current may 
be lower in the feedback case is no specific sidvantage, 
since this current can be readily supplied by rectifying 
@ portion of the main eupply voltage; the power consumed 
is thenee independent of the signal source. At any wee, 
& gubstantial reduction in bendpesse le epparent for the 
fesdback clrouit ae eompared with the bagic clrevit under 
similar conditions. Cf course, the gein hee been Laproved 


by the use of regeneretive feedback. 
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The proportionate improvement in gain and redue- 
tion in dynemic performence should be Investigated more 
thereughly. The effect of the use of regenerstive-ampere- 
turn feedbeck on the grin-bendwidth product, rather then 
on gain elone, is particularly worthy of further study. 


Analytical HKquationa of the Feedback Amplifier 





A get of analytical equations, similar to those 
employed in the solution of the basic magnetic omplifier, 
may be prepared for the regenerative-feedback amplifier. 
The regenerative~feedback ampliflex-cirecult io shown in 
schematic form in Figure 5-9. Wew parameters defined by 
thio figure inolude the resistance of the feedback winde 
ings, 135 the forwerd reeietance of a single reetifier 
unit, Ap, and the current 13 which is the rectified value 
of if. Thus 

“3 = $ 42 (5=13) 
where the signs alternete eech helf-cyole of the carrier 
voltege. Ideal reetification is assumed in the rectifier 
unites to the extent that the beck resistance ig infinite 
and the forward resistence is a constant independent of 
the value of ip. In the practical rectifier, both forward 
and hack resistance are nonlineer functions of the excit- 
ing current, and such & function could be readily handled 
by a differential analyzer. The equivalent cireult of 
the idealized rectifier and the feedback cireult as seen 
by ip 18 shown for one half-cyele in Figure 5-10(a), and 
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RECTIFIER 
BRIDGE 





FIG.5-9 REGENERATIVE FEEDBACK CIRCUIT. 





(a) EQUIVALENT RECTIFIER (b) EQUIVALENT RECTIFIER 
CIRCUIT FOR IST HALF CYCLE. CIRCUIT FOR 2ND HALF CYCLE. 


FIG. 5-10 RECTIFIER CIRCUITS. 
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for the next alternating half-cyele in Figure 5-10(b). 
The reversal of io eech half-cycle ae this current flows 
in the feedbeck clreuit is shown in these figures. It 
is also apparent that an additional resistance, 2R,, 1s 
included in the path of ip through the feedback elreult. 

The system loop-equilibrium equations for the 
loops defined by 4, and by ip (including the feedback 
loop and reenlling Equation 5-13) are formulated from 
Figure 509 end from Figure 4~2: 


= Aad f, .. i, @ 
*, = 44, + 1 8 (5=24) 
@o = (Ro + 2 Ry + Ry) 1, + No Gy 4 
at 
Ny 2 4 Nz Oy = HN, Mo (5=15) 
ee ae* e 

Oy = f (Nglp + Naty + H5i5) (5=16) 
Po =f (Nola ~ Nydy = Nts) (47) 


the + aigns in the above equations are associated 
with reetifiention of io when this current 1a applied to 
the faedback cireuit. 

A problem for the differential analyser could be 
formulated from S,uationse 5<14 to 5-17 inclusive. The 
mechanteal Layout of the differential analyzer would require 
provision for revercing the signe each half-cyole, a8 in- 
diested in the equations. The reversal might be socomplished 


by including a@ eet af idler gears in each appropriate gear 
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box. Ags ip passes through zero in the solution, it would 
then be neceasery to stop the machine and reverse the 
neseseary shafts through use of the idlers. The value 

of an analytical study breed upon these equations would 

be weighed, as war the investigation of the besic cireult 
of thie thesis, ageinst the impertance of the logses in 
the carrier circuit, but would undoubtedly be of signifi-g 
oent velue in elucidating wany of the features of regenera-~ 
tive-feedback megnetic-emplifier performance. 
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GHAFTER VI 
SUMMAKY AMD CONCLUBIONB 

Summnry of the Xeseargh 

Thies thesis has ettenptea to investignte the 
fundenentsl behavior of the magnetic amplifier both from 
experimental and analytic studies. Although varicus 
articles have appeared in the literature pertaining to 
the etatic performance of the amplifier, relatively little 
has been published cencerning cireuit dynemics. Both 
atatio and dynamic sspeeta have been explored in this re- 
search, with particular emphesia on dynamic studies besed 
upon both transient and ?requency-response data. ‘The 
eathematical analyais of the circuit is complicated by 
the nonlinear nature of the differential equationa which 
cheracterize the aystem. The solution of these equations 
by weans of the differential enalyzer is believed to be 
an original effort. In order to arrive et cireult funda~ 
mentels, the simplest case of interest was chosen as the 
atarting point of the investigation. Thie eireuit is 
the basic magnetic emplifier which involves no feedback 
techniques. A thorough «study wes made of the basie cim 
euit correlating experimentel and analytical deta wherever 
possible. A ro ther large amount of experinentsl cheracter= 
istice have bean ineoluded in the the sie because of the 
paueity of conerete design data in the literature. It is 
hoped that the inoluston of thia date may ve cf some value 


to future investigators. After studies of the basie oireuit 
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were completed, the remaining available tine was devoted 
to experimental investige tions of regeneretive anpere-~ 
jarmm Teedback,. 


Results of the esearch 

h mene study wae mede of the bagic magnetie 
emaplifier and quantitetive cesign criteria were obtained. 
The effecta of all clreult parameters were atudied, a 
family of gurves being pletted for each parsnetric varia- 
tion. These curves, ae Getornined experimentally, are ree 
produced in Ghayter IIf. <&n anelytic formulation of the 
basle-cireult preblem in terms of the differential loope 
equllibrium ecuationa wes meade, neglecting hysteresis end 
eddy-current losses, and the mechine golutione were compared 
with experimentally determined steady~atate end trensient 
response. The resulta of this study, which are tabulated 
in Figure 6-1, jndicate satisfactory sogreement between 
experimental and stheoreties1 steady-state performance. Im= 
portent differences were obtained, however, between experi 
mental and theoretical dynwaie behavior. Although the 
effect of the control-circult parame ters upon the effective 
characteristic time agresd in beth onses, the dependence 
of cheracteristic time upon carrier-cireult eonditions re- 
veiled major digserepencies. These inconsistencies are 
Kttribateable te the functionsl relation of the core losces 
upon the cerrler-cilreult conditions, as expressed by Equation 


3e27, and which wee negleeted in the analytic solutions. 


get 


sare Sten 3 iinet tara’ 
wl Atmtbort wai 


ao |  (eteeaed pr Fo ee topet 
ofzeyer olaed ene Ye ete ee Gis Maporety A” 
DUNLAP Ne AIDE LUD Uptewh wrllal Line bine CeKtEGye 
) @ , celled) fee este Jieoteg C88 Fe orth aT 
“AL BhTT RITE, Cote THT SE eD) Ql yetrue Jo ELiestd 
SUA CI Pieters beiireed re oP ero |6ear 
OP We tethered stay tnew ea TTD were HE Lecwnersg 
yesh Lartiurigtt 22 oF) Te baT 61 ae AW Sluosis-olee 
Gre RinwrNteOr PRLenlyen jer ere emi es MUU ES tp 
Dereagn® eree amOeeU Ee Watites otf ture jeewa al fomremeeee 
Teeter? Bwve eCate-yhunyo LselenereD El lounentvesne Mw 
Ont letay wes Molde \oleTe 4/0 Do etfs CT Jcenoet 
‘eee SreRhemyWS CYNTOMIAd! Ge Senodent .f-) weet al 
el (SR wet Weg Of eeotieet cs LuelTewent fom Letreteepe 
Pee ROW EH Liter? GOAICO ter Beale t ih Torey 
oe Retr ikn stl eho elaereh luostwonets ave fetes 
VED ENT 8 Aten STO Wry, Stet iron @ a 16 Seeltt 
| Se a ee dat nl Sewtge eat? ofr) eetomente 
wt eels hens Fivwitenittsl Mow Gal? DLTs eT eee TO 
wecnt etry eff Yo mastaio~ fmmadsOnwt ant of uldmcu outta 
COD uN Yt Lema reEEe® 86 aheET wen Civeim mitre ad? nequ 
nntiulee atrylone at? al DetooDe cer tiaire dwn ,SE-E 




















TABULATION OF RESULTS +7197 


I STATIC TRENDS- THE EFFECT OF ONE PARAMETER UPON THE 
MODULATION CHARACTERISTIC, OTHER PARAMATERS CONSTANT. 


Se ocean ANALYTICAL | REMARKS 


NEGLIGIBLE NATURAL MAGNETIZATION - 
LOW CONTROL CIRCUIT 
NEGLIGIBLE 



















IMPEDANCE TO CARRIER 
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INCREASING R2 INCREASES} ANALYTIC RESULTS CHECK 
LINEAR RANGE | EXPERIMENTAL TRENDS 
—| OVER THE LOWER 
INCREASING E, INCREASES | INPUT RANGE; NOT 
LINEAR RANGE EXAMINED QVER 
HIGHER INPUT RANGE. 
















AFFECTS ONY ATGRFEUX 
AMPLITUDE 



















INCREASING f, DECREASES 
LINEAR RANGE 


AFFECTS S0TH E, Jem 
AND FLUX AMPLITUDE 





OPTIMUM N32 EXISTS 
FOR MINIMUM 
LINEAR RANGE 


AFFECTS BOTH E, /E2 
AND FLUX AMPLITUDE 










I DYNAMIC TRENDS - THE EFFECT OF ONE PARAMETER UPON 


EXPERIMENTAL [EXPERIMENTAL | ANALYTICAL 
PARAMETER | FREQUENCY-RESPONSE | TRANSIENT TRANSIENT REMARKS 
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Atta eere 


ANALYSIS NEGLECTEDO 
CORE-LOSS FUNCTION 
THEREFORE DIFFERENT 
FROM EXPERIMEN TAL 
DATA. 
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DATA INVOLVES 
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WHILE I, TRANSIENT 

















BUILDS UP FROM ZERO; 
HENCE THE DIFFERENCE. 





FIG.6-| BASIC CIRCUIT STUDIES. 
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The differentiel enalyzer wes Gireetly reaponsible for 
disclosing two effecta which otherwise might have eseaped 
odservation. These were, first, the concept of flux-biag 
buildup, snd secondly, the relation of hystereeis to the 
earrier-current waveform. Finally, an aperexisate expres- 
sion for power gein, Kouation 3-17, was developed. By 
econprring this relstion with the effectea of clreuit parma 
meterea upon cheracteristic time, tabulated in Figure 6-1, 
it 1s evident that « cempromise between grein and bandwidth 
muagt be secepted. 

Reaults from the studies of the regenerative 
empere~turn feedback connection sre more of & qualitative 
neture than curantitetive. leek of time curtelled a more 
therough investigation of thie clreult. As would be ex- 
peeted from a consideretion of feedback-amplifier theory, 
the sensitivity of this cireuit La much greater than thet 
of the equivalent basic clroult, but the bandwidth 16 much 
legs. Further study should indieete whether or not an 
overall improvement ef the gain-bandwidthn product can be 
obtained with the feedbeck connection. Experimentation 
with thie eciroult reveeled that the rectifier bridge must 
be cerefully bslanced if a symmetrilesl carrier-current 


waveform ia te bea obtained. 


Gonolusions 

The results indicate that certain design oriteria 
have been obtained which will permit 4 prediction of both 
power-gein and amplifier-bendwidth. It hee been shown that 
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& compromise between the two, consistent with the require- 
ments of the particular application, must be sought. In 
order to crystellize theae conce,te, a sample design te 
meet fixed epecifleations isa outlined in the Appendix. 
Model theory could then be ap lied to miniaturize thie 
design, # considers tion of importance where space and 
weight must be nintmized. 

the velue of the analytic approach cannot be 
Overestineated. I+ hes been valuable in diselosging the 
importance of hysteresis an&@ eddy-ourrent logs in the 
eoras. It has been of aselatance in easteblishing the 
transient behavior of flux tiag. But perhaps the most 
benefielal result obtained from the solution of the prob- 
lem on the differential analyzer was the aporeciation of 
the physics] eignificence of the differential ecuntions 
eequired by wetohing the relative motion of the shefts 
which represented the syatem variables, This intultive 
feeling for the fundamentals of the sireult would be 
mowt difficult, if not Impossible, to acculre from ax 
perimental observestions alone. Any veriable of interest 
cen rendily be plotted by the analyzer as a funstien af 
time, end both the transient and steady~etate behavior 
gimultanecualy determined. 

& gtudy of the frequency-responee charseter- 


f4eties has dieelosed that the magnetic amplifier cen be 
ehsracterized by e firet-order time constant when en 


incremental eignal ie euperimpoeed upon a direct-ourrent 
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bias. Although the first-order concept is not original 
with this thesis, 1t does not appear that the above in- 
formation has yet been used to clarify certain eriteria 
that Alexanderson estedlished in 1916 for the cain of the 
majsnetic auplifier.+ heegarding to Alexanderson, the ratio 
of amplification is roughly proportional to the ratio of 
the carrier frequency to the signal frequency. The fre- 
queney response of the magnetlo amplifier has been shown 

to be flat in the low-frequency range, and subsequently 

to fall off at 6 db/ostave in the higher ranges. The 
erltioal frequency of the empilfier in inherentiy low, as 
ean be observed from the frequency-response characteristies 
of Chapter III. ‘The reason Alexendersen observed vie gain 
tO be inversely proportional to the audio frequency ean 

be attributed to the feet that the vtendwidth of his ame 
plifier was very low and thet he was aetually opere ting 

4n the cutef? region of the amplitude reeponse where the 
glepe is, indeed, inversely proportional to the frequenoy ~ 
in other words, in the region where the response falls off 
at 6 db/foctave. 

The megnetic amplifier has heen used for & mume 
ber of years in nu tomatie-sontrol,” man guring,? and audio 
systema. The principal Lisitation of this highly inductive 
1. Alexenderson, E.F.W. and 8.”. Nixdorf, "A Magnetic 

Amplifier for Hadio Telephony," I.R,e. Proe., 4, (1916), 
a. Gixos, ieit., ‘Applisation of Magnetic Amplifilerr to the 

Control and Automatic Hegulation of Furnace Tempere- 

tures," Bull. See. Frano. Blec., 1, (1941), 459-497. 


. Ge r, WW, netische Veratarker fur die Mees und 
4 Regeitechnik, OT. Ze, 62, (1942), 649-853, 691-898. 
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device 1a its inherently narrow bendwidth. The future 
value of the amplifier in applications ether than direct- 
current instrumenta liege in the gucocess with which band- 
width cen be inereased while etill mealntalning reasonable 
gain. The use of the mrgnetic emplifier in eutomatie 
vontroi hes thus fer been limited to medium end low-speed 
servomechanissa having bandwidths in the order of 1 eyele 
per peeets.” Within the lsst few months «© reeent cdevelop~ 
nent hag occurred which indiestes that higher bandwidths 
combined with reasonable goin can oe obtSined. This event 
wig the anneungesmont of a twoestege magnetic audic-amplifier 
heaving a 3ke. bandwidth, a power gain of about 10 per stage, 
eng #2 10.8 ke. power opphy .* the geturadle-reaetor cores 
used in the design were wade of improved magnetic material. 
The attractive feature of long life under adverse 
operating conditions enjoyed by the megnetic amplifier hae 
been the motiveting fores behind recent megnetica awplifier 
development, ena resulte of this thesis indicates that some 
improvement of bendwidth while retaining reasonable gein 
ig possible. Where high gin ie deelred and bandwidth is 
of little consequence, the megnetic smpilfier haa already 


proved its value. 


Sugeestions vor Further work 
This thesle hus investigatecn only the funda 


mentale of magnetio~wsmplifier performance, and a great 

1. Aodemenn, %.5., "A Study of the Magnetic Auplifier ae 
o Servo Controller," &.k. Thesis, (m.1.1., 1947). 

2, logan, F.W., “Setureble Reactor and Sagnetle Anplifter 
Gireuite, " N.0.R. Jo. 1091, aval Ordnance Laboratory, 
White Cek, ~ Vit » (720. 
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deal of work yet rewnina to be done before the potentiali- 
ties ave fully exploited and the limitations fully undex 
stood. A thorough investigation of regenerative emperr- 
turn feedoack 16 essential to the development of high-gein 
omplifiera. Sandwidth and stability considers tions ef such 
a gireult should be put on & queantitetive boaie, The per 
foraunoes of the Peedbuck verlstor~bridge has, in the past, 
been a source of trouble sinoe the varisters sre affected 
by Changes of voltage, frequency, and particularly of tem 
perature. Such fluctuation results in considerable varia- 
tion of amplifier sengitivity.~ Ine golution of this 
problem would lnerezs#e tne accuracy of magne tie-emplifiler 
instruments. OShoek and fatigue studies ahould oe conducted 
to give specific data on the adility of the magnetic ampli- 
fier to meintein uniform perforasnce over long uninterrupted 
periods under adverse operating conditions. The problem of 
noiee appears completely untouched, and information ag to 
its importance should prove valuable in estadlishing ver~ 
formance limitations. Ths Serkheugen effect, or cigcrete 
reversals of electron #ping, if somewhat enslogous to the 
shot effect in electronic anpilfiers. This and other 
sources of noise should ve investigated. Ailgorous theoreti- 
eal etudies could profitably be made teking: into acoount 
eore lose. These studies could be extended to the feedback 
ouse. The siothematics involved in rigorous ¢nelyses is, in 
Generel, toc involved for practical design engineering, and 


{ . 
1. Geyger, 4., ‘Magnetisch Verstarker fur die hees und 
Regeltechnik," &.P.2., 62, (1942), 649-853. 
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henee, performance criteria should be reduced wherever 
possible te permit linear-system approximations. Further 
extension of familier awaplifier configurations, such as 
the casended clreult, balanced cireuit, and push-pull 
cireult, will undoubtedly yleld other useful designa. 
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APPENDIX 

SAMPLE DESIGN PROCEDURE 

Specifleations 
Let us assume that the following speoiftLoations 

for & mignetlo amplifier ave elven: 

f = #00 cpa. 

aw 2 4O eps. 

Core type ~ Allegheny #4750 alley 

ioe 

The amplifier ie te employ the busice cirouit, and is te be 
designed to oreduce maximum gain. The design will be based 
on empirical data, developed equations and the information 
of Figure 6-1. 
Piux-Adjugtment for static Linear Operation 


The applied slterneting voltage is selected as 





75 Yolts, ras, and the load resistance is chosen aa 500 ohme 
from Figure 3-6. ‘The optimum empirieal value of No le se~ 
iested from rigure 3-10 ag 1200 turns per core. The turns 
are to be made of No. 30 Vormver wire which hee an apprexi- 
mate aversge resistance of 0.025 ohms per turn on the chosen 
coreg. 

Lt te desirable to use & Layge number of input 
turns in order to inereass the gain, sinee the gain in- 
cresees with the square of HN, in accorienece with Eoauetion 
%~17, wherese the bendwidth decreases directly with Ry. 
the principal Limitetion on the meximum velue of By is the 
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available core window-space. For purposes of this design, 
there is emple window spaee for 6000 turns per core for 
the input windings. The windings are again made of No. 30 
Formvar and the total winding resistance is therefore ap- 
proximately 400 ohma. 

From Equetion 3-17 


2 
Kp Rh = (Fe8) x 500 = 22.25 x 10. 


Deeign for Dynamic Operstion 
The choice of A, for use in the gain equation 


must be baged on the desired bandwidth. From Figure 3-26, 
the following conditions are established fer a particular 
observation: 

Ry = 2165 ohms 

BW s ti? ope. 

f 2 400 eps. 


Eo 75 volts ras. 


Ro = ‘4500 ohma 
3600 7. 


. 
bi 


1, = 20 me. 
The values of Ky and Ep for thie design are identical to the 
above, and hence, need no further consideration. The verie- 
tion of bandwidth with the effective parsmeters, Ry, My, No, 
and Ly, n be selected from Figure 6-1, recalling that Band- 
width ia the inverse of ths defined characteristic time. The 


following equation may then be written: 
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BW = Cy # No i 


whers Cy ie a conetent. Substitution of the listed values 


in the above equétion permits solution for C,: 


| _ Ny BW | 3 600x77 : 
“L = Sip yy! * Mésxio00n20% = 28.65 x 1077 


The value of the biasing current, I,, 18 chosen 
to insure operation in the linear range. A satisfactory 
value is 10.0 milliamperes. The bissing current may be 
applied in series with the eontrol cireulit. 

it is now possible to solve for *% from the ése- 
lected parencters 

i, = 6000 turna 

Wo s 1200 turns 

4; « 10.0 ma. 

BY « 4 eps. 

G6, = 26.65 x 107 
The expression for Ry becomes! 

= 2 w* Tees 1200 x 10" 

= 2950 ching. 
The gain equation is now aoiveble: 
Kp 5 2225210? 22.2 x10 2 
| Ry 2950 
The gain is velatively low, but the bandwidth of 40 epa. is 
exoe@llent for this type amplifier. 
If bandwidth considerations would permit the vee 


of & minimum input resistance, thet is, the resistence of 
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the windinge of the input circuit, which we recall is 
2X 8000 X 0.025, or 400 ohms, the gain becomes 
2 
Kx =m Ze. a .O - 5 .% ¢ 
Under these conditions, the bendwidth le reduced to 


my ._ %O x #00 
2950 


Obviously, further increases in the input turns to entirely 


fill the winder space willl result in further increases in 
the gain-bandwidth precuct. In this particular design, 
however, provieion is meade for the ecddition of feedback 


windings, 


The Addition of Feedback Windings 

Huvficient window apace remaing to acd rerenera- 
tive~feedback windings to equal the windinge of the output 
circuit for fully=compensated feedbeok, The inprovement 
in gain with the feedbuck connection will be of the order 
of at least 100, and if compensation i146 accurately nade, 
may be well in excess of this value. A reduction in band- 
width will undoubtedly oceur. The extent of thie theeis 
investigntion dees not permit & prediction to be made ag to 


the extent of this reduction. 
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